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ABSTRACT  
   
This dissertation investigates the mechanisms that lead to fouling, as well as how 
an understanding of how these mechanisms can be leveraged to mitigate fouling.  
To limit fouling on feed spacers, various coatings were applied. The results 
showed silver-coated biocidal spacers outperformed other spacers by all measures. The 
control polypropylene spacers performed in-line with, or better than, the other coatings. 
Polypropylene’s relative anti-adhesiveness is due to its surface free energy (SFE; 30.0  
2.8 mN/m), which, according to previously generated models, is near the ideal SFE for 
resisting adhesion of bacteria and organics (~25 mN/m).  
Previous research has indicated that electrochemical surfaces can be used to 
remove biofilms. To better elucidate the conditions and kinetics of biofilm removal, 
optical coherence tomography microscopy was used to visualize the biofouling and 
subsequent cleaning of the surface. The 50.0 mA cm-2 and 87.5 mA cm-2 current densities 
proved most effective in removing the biofilm. The 50.0 mA cm-2 condition offers the 
best balance between performance and energy use for anodic operation.  
To test the potential to incorporate electrochemical coatings into infrastructure, 
membranes were coated with carbon nanotubes (CNTs), rendering the membranes 
electrochemically active. These membranes were biofouled and subsequently cleaned via 
electrochemical reactions. P. aeruginosa was given 72h to develop a biofilm on the CNT-
coated membranes in a synthetic medium simulating desalination brines. Cathodic 
reactions, which generate H2 gas, produce vigorous bubbling at a current density of 12.5 
mA cm-2 and higher, leading to a rapid and complete displacement of the biofilm from 
 ii 
the CNT-functionalized membrane surface. In comparison, anodic reactions were unable 
to disperse the biofilms from the surface at similar current densities.  
The scaling behavior of a nanophotonics-enabled solar membrane distillation 
(NESMD) system was investigated. The results showed the NESMD system to be 
resistant to scaling. The system operated without any decline in flux up to concentrations 
6x higher than the initial salt concentration (8,439 mg/L), whereas in traditional 
membrane distillation (MD), flux essentially stopped at a salt concentration factor of 2x. 
Microscope and analytical analyses showed more fouling on the membranes from the 
MD system. 
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CHAPTER 1: INTRODUCTION 
 
1.1. Introduction to water treatment challenges of the 21st century. Providing access to 
clean water remains one of the greatest public health and environmental challenges 
confronting humanity in the 21st century. A number of factors, including population 
growth, an expanding global middle-class, pollution, and consistent overexploitation of 
traditional freshwater supplies, are contributing to a situation where infrastructure is 
increasingly incapable of procuring, producing, and/or delivering the volume of water 
required to meet demand. While some measures, such as low-flow appliances and precision 
irrigation, address the demand side of the equation, actions are also required to enhance 
supply. 
 One approach to increase supply is to draw upon non-traditional sources of water, 
such as seawater, wastewater, and brackish groundwater. These non-traditional supplies 
are often available, if not abundant, in regions lacking adequate traditional water resources. 
Thus, they have the potential to bridge the supply gap, as well meet future growth in 
demand. However, treatment of non-traditional sources can be complicated by their poorer 
quality, resulting in additional treatment steps. These treatment steps often involve 
membranes, particularly when salt concentrations are elevated.  
A common complication to treating waters of poor quality is fouling, or the 
deposition of matter onto a material surface. Fouling can be divided into two broad 
categories: biological/organic fouling (biofouling) and inorganic fouling (scaling). 
Biofouling, which involves the growth of biologically active structures called biofilms, can 
pose operational and public health issues, and is most problematic in high-nutrient waters 
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with elevated microbial concentrations, such as wastewater. Inorganic fouling, or scaling, 
arises from the deposition of salts onto a material surface. It most commonly occurs in high 
salinity waters, such as seawater and brackish groundwater. 
In the case of water treatment, common problematic hotspots for fouling include 
membranes modules, distribution systems, and storage tanks. Membrane modules can have 
several forms. A common form, particularly in advanced treatment processes such as 
reverse osmosis (RO), is the spiral-wound configuration. This configuration consists of a 
membrane and spacer on the feed side, with the membrane acting as a separator, and the 
spacer providing a channel for feedwater flow. Given the role of membrane modules as a 
separation step, this component of the treatment train is especially prone to fouling, as 
concentrations of constituents that lead to poor water quality and fouling, such as bacteria, 
organic matter, and salts, aggregate at membranes and feed spacers, resulting in fouling.  
Fouled membrane modules pose operational challenges due to the higher energy 
costs required to maintain desired throughput through membranes clogged by foulants. 
Fouled membranes are also expensive to clean and replace, and in extreme circumstances, 
fouling at membranes can lead to decreases in water quality. Currently, fouling is 
controlled through a number of processes, including chemical dosing, mechanical 
cleanings, and pretreatment steps. While these steps are effective, fouling remains a 
common and significant problem in water treatment systems, indicating the need for 
improvements in fouling control techniques. The primary objective of this thesis is to better 
understand the mechanisms driving fouling, and then to apply these understandings to 
develop technologies better able to mitigate the impacts of fouling, particularly in the 
context of membranes and treatment of non-traditional water sources.  
 3 
  
1.2. Research questions and hypotheses. 
The primary research questions and hypotheses addressed in this thesis are: 
Questions: 
Q1) Which surface properties should be favored to reduce biofouling on reverse 
osmosis feed spacers? 
 
Q2) Can biofilms be removed from fouled anodic surfaces by the application of a non-
continuous current? 
 
 Q3) What is the most energy-efficient way to remove biofilms from conductive 
membranes? 
 
Q4) In membrane distillation (MD), does localized heating at the water-membrane 
interface increase or decrease rates of inorganic fouling compared to heating of the 
entire feed water? 
 
Hypotheses: 
H1) Biocidal surface modifications are the most effective surface modification for feed 
spacers because bacteria are the driving force of biofilm formation, so by inactivating 
bacteria, biofilm formation will be mitigated.  
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H2) Rapid and near-complete biofilm dispersal, driven by a combination of mechanical 
forces and oxidation reactions, is achievable provided the minimum applied current 
density (j) is met or exceeded. 
 
H3) Rapid and complete biofilm dispersal from electrochemically-active membranes 
is possible by leveraging the mechanical forces arising from vigorous H2 generation at 
the cathode. 
 
H4) Localized heating at the membrane surface minimizes inorganic fouling because 
these systems operate with a lower bulk feed temperature, resulting in less salt 
precipitation and slower salt precipitation kinetics. 
 
1.3. Thesis organization.  
-Chapter 2 offers a review of fouling in water treatment, particularly in the context of 
membranes and non-traditional water resources. The general mechanisms of biofouling 
and scaling are described, as well as the efforts scientists and engineers have made to 
dampen the impact of fouling in water treatment systems by modifying the surfaces of 
exposed equipment. 
 
-Chapter 3 compares biocidal and anti-adhesive strategies for biofouling mitigation of 
reverse osmosis feed spacers. Hydrophilic, superhydrophobic, biocidal, and hybrid 
biocidal-hydrophilic coatings on feed spacers are investigated in terms of fouling 
resistance. These surface modifications were tested in a bench scale reverse osmosis 
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system, as well as through several adhesion assay and viability experiments. The results 
demonstrate that SFE is the dominant property governing adhesion, and that the best 
approach for controlling biofouling involves leveraging ideal anti-adhesive SFE values 
(typically between 20 and 30 mN/m for bacteria and organics) in conjunction with 
biocidal coatings. 
 
-Chapter 4 explores the ability of biofouled anodic surfaces to be cleaned of foulants 
by means of electrochemical reactions. Biofilm was formed on boron doped diamond 
(BDD), an electrochemically active surface capable of acting as either an anode or 
cathode. Anodic electrochemical reactions generated at the surface of BDD plate, 
which produce reactive oxygen species such as hydroxyl radicals and hydrogen 
peroxide, as well as oxygen gas, proved effective at cleaning the fouled plate, provided 
an adequate current density (~50 mA/cm2) is applied. At this current density, ~75% of 
the biofilm can be removed after 20 minutes of operation, suggesting 
electrochemically-active surfaces offer a novel, highly tunable method of mitigating 
fouling in water treatment and distribution systems. 
 
-Chapter 5 investigates the ability of membranes functionalized with carbon nanotubes 
(CNTs) to be cleaned of foulants by way of cathodic and anodic electrochemical 
reactions. A comparison is achieved between the two approaches in which cleaning 
kinetics, fraction of biofilm removed, and energy consumption are considered. 
Cathodic reactions at a current density of 12.5 mA cm-2 deliver rapid, near-complete 
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biofilm removal, while current densities above 25 mA cm-2 achieve near-instantaneous, 
complete biofilm removal.  
 
-Chapter 6 studies the scaling resistance of a nanophotonics-enabled solar membrane 
distillation (NESMD) system. Inorganic fouling is an extradordinarly common problem 
in membrane distillation (MD) systems, which are operated at elevated temperatures, 
as calcite and gypsum, two common scalants, generally exhibit reverse solubility, 
indiciting a higher propensity to precipitate out of heated solutions. Moreover, higher 
temperaters accelerate the kinetics of these precipication reactions. On the other hand, 
the NESMD operates at ambient temperatures, and uses the energy of direct sunlight 
to heat water at the membrane interface through an exposed quartz window and flat-
sheet configuration. The NESMD membranes contain a coating of carbon black (CB), 
facilitating the membranes’ ability to convert sunlight to heat via CB’s high surface 
area and dark color. The results of the experiments and modeling show NESMD to be 
highly resistant to scaling due to the system’s operating temperature, which increases 
the solubility of common scalants and slows the kinetics of precipitation reactions. 
 
1.4. Publications 
 
1) Rice, D., Barrios, A.C., Xiao, Z., Bogler, A., Zeev, E.B., Perreault, F., 2018. 
Development of anti-biofouling feed spacers to improve performance of reverse 
osmosis modules. Water Res. 145, 599–607. 
https://doi.org/10.1016/j.wateres.2018.08.068 
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distillation. To be submitted to ES&T. 
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PREAMBLE TO CHAPTER 2 
 
In Chapter 2, an overview of the mechanisms and impacts of fouling is provided. Fouling, 
or the attachment of bacteria, organics, or inorganics to a material surface, remains one of 
the more significant and consistent challenges faced by the water treatment industry. 
Fouling can lead to higher operating expenses and impair the quality of treated water. 
Current fouling control methods are useful, but imperfect, as well as expensive. Novel 
approaches to biofouling control through materials science are also discussed, as are the 
secular trends, including a turn to non-traditional water resources, and, consequently, a 
growing reliance on advanced membrane technologies, that suggest an increasingly 
important need to control fouling. 
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CHAPTER 2: FOULING REVIEW 
 
2.1. Non-traditional water sources and fouling potential. The Water Resources Group 
estimates that by 2030 annual global water withdrawals will outpace renewable supplies 
by 40%, or 2.7 trillion m3 (Water Resources Group, 2009). To fill this supply gap, water 
users are increasingly turning to non-traditional sources of water, which can bridge the 
demand gap with renewable supplies. The growing importance of non-traditional sources 
can be largely attributed to two megatrends (Boccaletti et al., 2012). One of these 
megatrends is the global growth in water demand. Population and economic growth have 
increased the demand for water directly with respect to domestic use, as more people on 
the planet demand consistent access to clean water. The indirect demand that arises from 
this population and economic growth is even more impactful, as people living in emerging 
economies increasingly demand water-intensive goods, such as meat, clothing, and 
electronics. The other megatrend driving the push towards non-traditional sources is the 
reduction of traditional water sources. A number of factors have contributed to this 
reduction of traditional sources including pollution, overexploitation, and changing 
precipitation patterns associated with climate change (UN-Water, 2015). 
The non-traditional sources that utilities are turning to include wastewater, 
seawater, and brackish groundwater. Due to their lower quality, which arises from higher 
levels of impurities in the water, these sources are more likely than traditional sources to 
foul, or deposit bacteria, organics, and/or inorganics on material surfaces. This contrasts to 
traditional freshwater sources, such as rivers, lakes, and aquifers, which generally have 
lower levels of total dissolved solids (TDS), bacteria, and organics. Wastewater and 
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seawater are particularly challenging with respect to fouling, as they are high in TDS, 
organics, and microorganisms, resulting in a high likelihood of both biofouling and 
inorganic fouling taking place. This is compounded by the fact that the presence of calcium 
cations, a common inorganic constituent, can facilitate the development of biofilms (Lee 
and Elimelech, 2006). It is also worth considering that utilities are not the only institutions 
using non-traditional waters. Agriculture has long used reclaimed water for irrigation, and 
some power stations use reclaimed water for cooling, though in both applications salinity 
and microorganisms have posed challenges (Pereira et al., 2011; Wade Miller, 2006). 
Manufacturers are also increasingly reusing water, and the energy sector is developing 
techniques to recycle produced water for use in hydraulic fracturing (Casey, 2015). 
 
Figure 2.1. Historical and projected (to 2025) global contracted global desalination 
capacity. Includes all forms of desalination, including seawater, brackish water, and 
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wastewater reuse. Data sourced from the International Desalination Association, Hexa 
Research, Adroit Market Research, and Orbis Research. 
 
The complications of treating non-traditional feedwaters also manifest in the form 
of waste streams. Use of seawater, wastewater, or brackish groundwater for potable 
purposes typically requires desalination as a treatment step. Due to their energy efficiency, 
thin-film composite reverse osmosis (RO) membranes, typically composed of a thin 
polyamide active layer and thick polysulfone support layer, are commonly used to 
desalinate waters (Fritzmann et al., 2007). In RO systems, pumps deliver highly 
pressurized water to RO membranes. If the pressure of the water is greater than the osmotic 
pressure, water will diffuse across the membrane into a permeate channel, where it is 
collected for use. Depending on the feedwater quality and the treatment train, this results 
in a reject stream with a salinity of 50% to 1000% higher than the salinity of the feed water 
(Juby, 2008; Khawaji et al., 2008). For desalinators of seawater, disposing of this waste 
stream is relatively straightforward, as the reject can be discharged into the ocean. 
However, many desalinators of wastewater and brackish groundwater are inland (Wade 
Miller, 2006). Options for disposal of inland generated RO reject are generally limited to 
disposal wells and evaporation ponds. However, as a result of high capital costs, these are 
unattractive options (Fritzmann et al., 2007). Thus, in order for wastewater and brackish 
water to reach their full potential as a feedwater source, technologies must be developed to 
better manage the brines generated from treating these non-traditional source waters.  
Membrane distillation (MD) is a technology that has shown promise as a method 
of treating brines. MD operates with a warm feed water and cool draw solution, which are 
separated by a hydrophobic membrane. Water from the heated feed solution volatilizes and 
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crosses to the cooler draw solution, where the water condenses onto the draw solution, 
resulting in the production of freshwater. Since water is much more volatile than salt, no 
salt volatilizes across the membrane, leading to a flux of pure water. MD is attractive for 
high salinity waters because, unlike RO, the energy requirements for desalting are largely 
decoupled from salt concentrations. This makes MD an attractive option for high salinity 
brines, especially when waste heat sources are available. However, challenges have 
impeded a large-scale role out of MD. One of these challenges pertains to the high scaling 
propensity of MD systems. Calcite and gypsum, two common scalants, exhibit inverse 
solubility, meaning their solubility decreases as temperature increases. Moreover, at 
elevated temperatures the reaction kinetics of precipitating salts increases, accelerating 
rates of inorganic fouling. Since MD systems rely on a warm feed, this poses significant 
problems, as the salty waters can rapidly produce calcite and gypsum, leading to clogged 
membranes and equipment.  
2.2. Biofouling. Biofilms, heterogeneous matrices composed of cells, polysaccharides, 
proteins, and other nutrients, are ubiquitous in the environment, including water treatment 
and distribution systems. The formation and development of biofilms in aqueous 
environments is generally accepted to consist of several stages: 1) bacterial attachment 
(reversible followed by irreversible), 2) secretion of extracellular polymeric substances and 
biofilm growth, 3) maturation of biofilm, and 4) sloughing of biofilm (Bixler and Bhushan, 
2012; Schachter, 2003). After sloughing of the biofilm has occurred, the biofilm may 
redeposit on a surface downstream, starting the process anew.  
The formation of a biofilms begins in earnest when a bacterial cell deposits 
irreversibly on the surface of a material. Irreversible deposition is accelerated if a condition 
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layer, or organic material, has already deposited on the material surface, as bonding 
interactions between organics and bacteria are generally favorable. As the bacteria 
replicate, they release a polymer called extracellular polymeric substance (EPS). EPS, 
which is comprised of polysaccharides and proteins, forms the structure of the biofilm and 
accounts for 50-90% of the biofilm’s volume (Kochkodan and Hilal, 2015). Bacteria reap 
significant benefit from living in a biofilm, as the biofilm concentrates nutrients and 
maintains steady environmental conditions by providing protection from a myriad of 
stressors, including shear forces, chemicals, and changes in water pH and temperature. As 
biofilms mature, distinct zones develop within the structure. Near the surface of the 
biofilm, oxygen and nutrients are present in high concentrations due to the proximity to the 
fluid in which the biofilm exists. However, deeper in the biofilm, nutrients and oxygen can 
be less prevalent, resulting in different microbial communities, including anaerobic 
bacteria. To facilitate the exchange of nutrients and waste with the environment, many 
biofilms contain channels that penetrate into the biofilm. Therefore, it is not uncommon 
for mature biofilms to be capable of containing aerobes deep within the biofilm, though 
ultimately most mature biofilms house a range of microorganisms.  
The microbial community of biofilms grows as the biofilm develops, not only 
because the distinct regions create opportunities for a range of microorganisms, but also 
because biofilms accumulate new residents as they age. While a number of bacterial genii, 
including Pseudomonas, Staphylococcus, and Bacillus, are capable of releasing EPS and 
forming biofilms, many other non-EPS releasing microorganisms will populate the biofilm 
once it has been established. This can lead to complex interactions between 
microorganisms, such as horizontal gene transfer (Chimileski et al., 2014). The diversity 
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of microbes can also result in dangerously high levels of pathogens, which can use the 
biofilm to replicate to concentrations high enough to trigger outbreaks of waterborne  
disease (Wingender and Flemming, 2011). 
As biofilms become mature, their height reaches a steady state value. This is 
because shear forces arising from fluid flow will cause pieces of the biofilm to slough off. 
When the fluid flow brings these detached pieces of biofilm into contact with another 
surface, the biofilm clumps can irreversibly attach to the surface, leading to bacterial 
colonization and the formation of a new biofilm. 
 
 
Figure 2.2. Stages of biofouling (bacterial attachment, secretion of extracellular polymeric 
substances and biofilm growth, maturation of biofilm, sloughing of biofilm, and 
reattachment).  
 
Biofilms are a major issue in water treatment and distribution systems. Estimates 
for the cost of biofouling and biofouling control reach as high as 30% of treatment plant’s 
total operating costs (Flemming, 1997). Moreover, the costs of biofilms extend beyond 
economic and human health concerns, as biofilms increase the resistance of treatment and 
distribution systems, leading to larger amounts of waste products, such as greenhouse 
gases, that arise from increased power requirements (Kochkodan and Hilal, 2015). While 
chlorination does limit the degree of biofouling, biofilms are still prevalent in treatment 
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and distribution systems (Flemming, 2002). There are also unintended negative 
consequences associated with chlorination, such as the formation of carcinogenic 
chlorinated organic compounds, damage to membranes, and the discharge of chlorine into 
the environment. 
2.3. Inorganic fouling. Inorganic fouling, or the precipitation of salts, poses challenges 
when treating waters with elevated levels of total dissolved solids. Waters containing silica, 
calcium, magnesium, iron, sulfate, and/or phosphate are particularly prone to inorganic 
fouling (Guo et al., 2012). Inorganic fouling occurs when the concentration of a salt 
exceeds its solubility limit, which is governed by pH and temperature, leading to the 
precipitation of salts. The formation of insoluble salt crystals can take place in the bulk 
fluid (homogenous nucleation) or on a surface (heterogenous nucleation). Due to more 
favorable energetics, heterogenous nucleation is more common than homogenous 
nucleation (Oxtoby, 1992). 
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Figure 2.3. Mechanisms and energy hurdles of homogenous nucleation and heterogeneous 
nucleation, using calcium carbonate formation as an example inorganic foulant. 
 
Membranes performance suffers in the presence of inorganic fouling, which can 
clog membrane pores and increase the impact of concentration polarization (Shirazi et al., 
2010). Inorganic fouling can also reduce the efficiency and longevity of other components 
of water infrastructure, including pipes, sensors, and domestic plumbing, as the surfaces of 
these materials provides sites for heterogenous nucleation to take place (Atiles, 2005; 
Hoang et al., 2009). Due to the reverse solubility of calcium carbonate and gypsum, as well 
as increased reaction kinetics in warm environments, heat exchangers are commonly 
impacted by inorganic fouling, which impedes heat transfer and encourages corrosion 
(Diaz-Bejarano et al., 2017; Turner and Smith, 1998). This can increase the cost of many 
industrial processes, including power generation (Watkinson, A. P., & Martinez, 1975).  
Therefore, inorganic fouling, like biofouling, reduces the efficiency of water 
treatment and other industrial systems, leading to higher energy costs, both in terms of 
economy and environment. On the municipal or industrial scale, efforts to mitigate 
inorganic fouling involve the removal of common scalants, either through chemical dosing 
or nanofiltration membranes (Jurenka, 2010; Van Der Bruggen et al., 2001). These efforts 
are relatively effective at mitigating inorganic fouling, but they come at a significant 
expense, as both processes require energy and generate a sludge or waste stream. 
Moreover, chemical dosing typically involves the use of strong acids and bases, which can 
pose environmental and safety hazards. 
2.4. Organic fouling. Organic fouling is another form of fouling that poses challenges to 
water treatment systems and other industrial settings. Organic fouling occurs when non-
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living, natural organic matter (NOM) adheres to a material surface, such as a membrane. 
Though NOM originates from living matter, to be considered organic fouling, it must be 
abiotic at the point of fouling.  
Organic fouling shares characteristics with both biofouling and inorganic fouling. 
Like inorganic fouling, organic fouling is a passive process, whereas bacteria take an active 
role in driving the fouling process through the release of EPS (Kochkodan and Hilal, 2015). 
However, the chemical and physical properties of organic foulants align much more closely 
with those of biological foulants. Organic fouling rates depend on van der Waals forces 
and electrostatic interactions between organic foulants and material surface, as well as 
interactions between organic molecules (Chambers et al., 2006). The interaction between 
organic molecules plays an outsized role in organic fouling kinetics, as monolayer coverage 
of material surfaces is generally achieved quite rapidly, limiting the opportunity for organic 
foulants the interact with the original fouled surface (Lee and Elimelech, 2006).  
 
Figure 2.4. A) Repulsive forces between two deprotonated carboxylic acid groups on 
NOM in media devoid of calcium ions; B) Calcium bridging linking together two 
molecules of NOM in media with calcium ions present. The calcium bridging observed in 
frame B is key to accelerated rates of organic, and biological, fouling. 
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Other factors, such as solution composition and hydrodynamic effects, can also 
impact fouling (Rana and Matsuura, 2010). For example, the presence of calcium ions 
facilitates adhesion between organic foulants, as well as between organic and biological 
foulants (Lee and Elimelech, 2006). In fact, organic foulants often play an important role 
in facilitating biological fouling by providing a condition layer, which refers to the 
transformation of the original pristine material surface into one covered with organic 
foulants (Bogler et al., 2017). This process accelerates the adhesion of biological foulants, 
as the similar surface chemistries and physical properties of NOM and bacteria lead to 
interactions conducive to adhesion, and thus more rapid rates of biofouling (Herzberg and 
Elimelech, 2007; Ying et al., 2014).  
Given the correlation between organic fouling and biological fouling, many of the 
approaches for mitigating biological fouling on membranes, such as pretreatment, 
backwashing, and advanced oxidation, are employed to reduce the negative impacts 
organic fouling has on throughput, energy consumption, and water quality. As with 
biological fouling control, these measures typically manage the issue of controlling organic 
foulants but are imperfect. One particularly challenging component of fouling control and 
the presence of NOM are disinfection byproducts (DBPs). DBPs form when disinfectants, 
particularly chlorine-based disinfectants, reaction with NOM to form chlorinated organics, 
such as bromodichloroethane, chlorodibromomethane, and dichloroacetic acid (Boorman 
et al., 1999). These compounds are known carcinogens, and thus can pose a serious public 
health hazard, even at low concentrations. 
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2.5. Surface modifications to prevent fouling. Fouling clearly poses significant 
challenges to treaters, distributors, and users of water. Because of these challenges, for 
years engineers and scientists have endeavored to limit the impacts of fouling. One of the 
strategies to mitigate fouling aims to leverage certain material properties so as to minimize 
rates and intensities of fouling. 
 Within the field of water infrastructure, much of the antifouling materials science 
research has focused on biofouling. Some of this research has focused on distribution 
systems, leading to the observation that rough, cast iron pipes fouled worse than pipes made 
of smoother materials, such stainless steel or polyvinyl chloride (Niquette et al., 2000; 
Pedersen, 1990). Ultimately this has led to a movement away from rougher, easily 
corrodible materials, such as cast iron, in distribution systems.  
 Due to their role as a separator, membranes have long been prone to biofouling 
(Baker and Dudley, 1998). This propensity, as well as the cost associated with high 
membrane replacement rates, has led to a large, industry-wide effort to reduce biofouling 
of membranes. These efforts generally fall into one of two broad categories: i) anti-
adhesive strategies, which aim to make it difficult for bacteria and organics to irreversibly 
attach to the material surface, and ii) biocidal strategies, which attempt to kill bacteria that 
come into contact with the surface (Mansouri et al., 2010). Some research has focused on 
combining these properties to make anti-adhesive-biocidal hybrid coatings. 
To date, a number of material properties have been observed to influence rates of 
bacterial adhesion. Several of the most commonly referenced properties include 
hydrophilicity, charge, roughness, and surface free energy (SFE) (Kochkodan and Hilal, 
2015). Although the scientific community continues to debate the impacts these 
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characteristics have on biofouling propensities, several hypotheses regarding material 
properties and biofouling are often accepted to be true, though the evidence can, in some 
circumstances, be inconclusive (Rana and Matsuura, 2010). One of these hypotheses is that 
hydrophilic materials resist biofouling. The reasoning goes that more hydrophilic materials 
will experience stronger shear forces, as well as generate less favorable interactions with 
bacteria and organics, as they bacteria and organics, which are predominately hydrophobic, 
will have to displace energetically stable water molecules at the hydrophilic surface 
(Kochkodan and Hilal, 2015). At environmental pH’s, bacteria and organic matter exhibit 
a negative charge. This has led to the suggestion that negatively charged materials may be 
capable of repelling bacteria and organic foulants via electrostatic repulsion (Kato et al., 
1995). Another common hypothesis is that rougher materials foul more easily than 
smoother ones (Mansouri et al., 2010). The argument contends that rough surfaces create 
stagnant pockets protected from shear forces, allowing bacteria to more readily attach to a 
material surface and grow into a biofilms. Researchers also commonly suggest that 
materials with surface free energies between roughly 20 mN/m and 30 mN/m will resist 
fouling due to unfavorable bonding energetics with bacteria and organics (Baier, 1980). 
The biocidal approach to biofouling mitigation involves creating an environment 
on the material surface that is capable of killing or inactivating cells. One method of 
achieving this milieu is by lacing materials, often a membrane, with toxic metals such as 
silver or copper (Ben-Sasson et al., 2014; Perreault et al., 2014). Quaternary ammonia salts 
have also been shown to be capable of killing cells by disrupting cell walls (Ye et al., 2015). 
Another way of killing cells employs physical means, such as slicing open cells, as 
graphene oxide (GO) has been hypothesized to do (Perreault et al., 2015). A more active 
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approach involves the generation of reactive oxygen species (ROS), by applying a current 
to an electrochemical cell or light to a photoactive material, such as TiO2 (Gao et al., 2013; 
Wilson et al., 2016).  
 Though the majority of surface modifications have focused on limiting biofouling, 
some researchers have investigated ways materials can be designed to limit inorganic 
fouling. As with biofouling, inorganic fouling rates have been shown to be influenced by 
surface roughness, with rougher materials being more prone to fouling, potentially due to 
a combination of more surface area and stagnant pockets of water, both of which arise from 
increased roughness (Shirazi et al., 2010). More hydrophilic materials have also been 
postulated in reduce inorganic fouling rates due to shear forces, and surface charge is also 
considered to influence fouling propensity (Shirazi et al., 2010). However, similarly to 
biofouling, findings from studies sometimes contradict one another, and the exact 
mechanisms of inorganic fouling, and the surface properties that impact these mechanisms, 
are still being uncovered by scientists and engineers. 
2.6. Research needs. Fouling has, and continues to, challenge operators of water treatment 
plants and distribution systems, as well as other industrial sites, such as power plants, oil 
fields, and marine shipping (Bixler and Bhushan, 2012; Du et al., 2018; Lindner, 1992; 
Mansoori et al., 2007). It increases the costs and environmental impact of treating water, 
as well as posing a public health concern. In order to more effectively and efficiently 
manage fouling, researchers and engineers must continue to develop and refine novel 
approaches and techniques to mitigate its impact in increasingly effective, economical, and 
environmentally friendly ways.  
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 As outlined in Section 2.5, surface modifications designed to impart fouling 
resistance offer a particularly promising approach to fouling mitigation. However, while 
much of previous research has focused on passive surface modifications, such as biocidal 
coatings and altering surface characteristics, such as the hydrophilicity or roughness, more 
efforts must be put into investigating active approaches.  
 Active approaches, which impart a degree of real time control over a surface, can 
take a number of forms, including the ability to alter the temperature, charge, pH, vibration, 
electro-kinetics, and electrochemical activity of a material (Rana and Matsuura, 2010; Sui 
et al., 2008; Sultana et al., 2015; Zhu and Jassby, 2019). Active materials offer a 
particularly compelling approach not only because they allow for tailored fouling control, 
but also because they offer the promise to integrate usefully into water infrastructure that 
is increasingly smart and leveraging the vast amounts of data that can be collected from 
treatment and distribution systems. Given the detrimental impact fouling has on water 
treatment systems, as well as the accelerating use of smart infrastructure, the importance 
of developing active, tunable approaches to fouling mitigation is of the utmost importance. 
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PREAMBLE TO CHAPTER 3 
  
In Chapter 3, the antifouling performance of RO feed spacers was measured. As the 
component that makes up the feed channel of spiral wound RO modules, spacers 
experience perpendicular flow forces in both the ladder and diamond configurations. Thus, 
when compared to membranes, fouled spacers have a disproportionately high impact on 
increasing the pressure channel pressure, resulting in higher operating costs.  
Polypropylene (control) feed spacers were modified with the following surface coatings: 
silver nanoparticles (biocidal), SiO2 nanoparticles (superhydrophilic), TMPSi-TiO2 
nanoparticles (superhydrophobic), and graphene oxide nanoparticles (hydrophilic-biocidal 
hybrid). The performance of the feed spacers was measured by: (i) adhesion assays and 
colony forming unit counts, (ii) viability assays via confocal microscopy, and (iii) flux 
declines in a bench scale RO system. Materials were characterized by: (i) surface 
roughness, (ii) surface charge, (iii) hydrophilicity, and (iv) surface free energy. This work 
allowed us to better judge the effectiveness of the aforementioned surface properties in 
reducing fouling rates, with the goal of helping researchers prioritize certain features in 
order to more effectively mitigate fouling. 
 
Question: 
Q1) Which surface properties should be favored to reduce biofouling on reverse 
osmosis feed spacers? 
 
Hypothesis: 
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H1) Biocidal surface modifications are the most effective surface modification for feed   
spacers because bacteria are the driving force of biofilm formation, so by inactivating 
bacteria, biofilm formation will be mitigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 29 
CHAPTER 3: DEVELOPMENT OF ANTI-BIOFOULING FEED SPACERS TO 
IMPROVE PERFORMANCE OF REVERSE OSMOSIS MODULES  
 
Published in Water Research 
Douglas Rice1,2, Ana C. Barrios1,2, Zhiwei Xiao1,2, Anne Bogler3, Edo Bar Zeev3, and 
Francois Perreault1,2 * 
 
1 School of Sustainable Engineering and the Built Environment, Arizona State 
University 
2 Nanosystems Engineering Research Center for Nanotechnology-Enabled Water 
Treatment, Arizona State University, Tempe, Arizona, United States 
3 Zuckerberg Institute for Water Research (ZIWR), Ben-Gurion University of the  
      Negev, Sde-Boker, 84990, Israel 
 
* Corresponding Authors: Francois Perreault, francois.perreault@asu.edu 
 
 
 
 30 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 31 
Abstract 
This study investigates the biofouling resistance of modified reverse osmosis (RO) feed 
spacers. Control spacers (made of polypropylene) were functionalized with a biocidal 
coating (silver), hydrophilic (SiO2 nanoparticles) or superhydrophobic (TMPSi-TiO2 
nanoparticles) anti-adhesive coatings, or a hybrid hydrophilic-biocidal coating (graphene 
oxide). Performance was measured by adhesion assays, viability tests, and permeate flow 
decline in a bench scale RO system. The control spacers proved to be one of the better 
performing materials based on bacterial deposition and dynamic RO fouling experiments. 
The good anti-adhesive properties of the control is explained by its near ideal surface free 
energy (SFE). The only surface modification that significantly reduced biofouling 
compared to control is the biocidal silver coating, which outperformed the other spacers by 
all measured indicators. Therefore, future efforts to improve spacer materials for biofouling 
control should focus on engineering biocidal coatings, rather than anti-adhesive ones. 
 
Keywords 
Spacers, desalination, biofouling, reverse osmosis, nanomaterials 
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3.1. Introduction 
Due to growing global populations, expanding economies, and a broadening international 
middle class, by 2030 the United Nations projects the world will face a global water deficit 
of 40% (UN water 2015). In order to meet the rising demand for freshwater, utilities around 
the world are turning to non-traditional sources such as seawater and wastewater. The high 
salinity of seawater and, to a lesser degree, wastewater, means that these alternative 
feedwaters must be desalinated for domestic, industrial, or agricultural uses (Wade Miller, 
2006). Desalination via reverse osmosis (RO) using thin-film composite (TFC) membranes 
is the industry standard for desalination due to RO’s high energy-efficiency compared to 
other large-scale desalination technologies (Fritzmann et al., 2007). However, RO 
desalination is still burdened by substantial economic and environmental costs, both of 
which must be addressed to ensure the sustainability of this increasingly important water 
treatment process. 
Biofouling, or the attachment and proliferation of microorganisms on a surface, 
reduces the efficiency of RO and contributes to the high economic and environmental costs 
of operating RO systems. The formation of biofilms, a heterogeneous assembly of 
microbial cells and extrapolymeric substances (EPS), in membrane modules increases the 
hydraulic resistance in the feed, and therefore the energy required to move water through 
the membrane (Chong et al., 2008). Biofouling in membrane modules requires extensive 
chemical cleaning procedures, which increases costs associated with chemical use, reduces 
the membrane lifetime, and forces downtime in water production (Flemming, 1997; 
Madaeni et al., 2001). Due to biofilm-enhanced osmotic pressure at the membrane 
interface, biofouling can also negatively impact the quality of the permeate (Herzberg and 
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Elimelech, 2007). Altogether, the impact of fouling leads to significant economic impacts, 
with previous work estimating the costs of biofouling and biofouling control to be as high 
as 30% of the plant’s total operating costs (Flemming, 1997). 
Significant research efforts have been made towards designing biofouling resistant 
membranes and reducing the costs associated with biofilm formation (Rana and Matsuura, 
2010; Kochkodan and Hilal, 2015). The most common strategy is to modify membranes 
with biocidal or anti-adhesive properties to reduce deposition of bacteria or inhibit their 
proliferation (Bogler et al., 2017). Membranes that express biocidal properties are often 
coated with toxic substances so that microorganisms are impaired and/or removed from the 
surface. Membranes coated with biocidal materials such as silver, copper, graphene oxide, 
and selenium have been shown to outperform control membranes in terms of flux decline 
and biofilm formation (Akar et al., 2013; Perreault et al., 2013; Yin et al., 2013; Ben-Sasson 
et al., 2014). On the other hand, anti-adhesive coatings aim to minimize the attachment of 
microorganisms to the surface. This is typically achieved by altering the surface 
characteristics that makes a membrane prone to fouling, namely hydrophobicity, 
roughness, surface charges, and surface free energy (Kato et al., 1995; Vrijenhoek et al., 
2001; Asatekin et al., 2007; Salta et al., 2010; Zhao et al., 2015). 
 Most research on fouling control in membrane processes has focused on membrane 
modifications (Vrouwenvelder et al., 2009). However, modifying the polyamide layer of 
RO membranes can be challenging since the anti-adhesive modifications often alter the 
membrane performance or are challenging to implement in the current roll-to-roll 
fabrication process at the industrial scale (Rana and Matsuura, 2010; Kochkodan and Hilal, 
2015). Conversely, feed spacers, which provide a channel for water to flow through and 
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induce turbulence to reduce concentration polarization, are passive surfaces that can be 
easily functionalized without affecting the membrane permeability (Araujo et al., 2012; 
Ronen et al., 2013, 2016). More importantly, spacers have been shown to have a 
disproportionately high impact on the feed channel pressure drop when fouled. For 
example, fouled feed spacers led to 4 times higher increase in feed channel pressure drop 
compared to the same amount of biomass fouling on the membrane (Vrouwenvelder et al., 
2009; Bucs et al., 2014). Additionally, biofilms on spacers can shear off and redeposit on 
membranes, resulting in increased membrane fouling (Radu et al., 2014). Research by 
Yang et al. further confirmed the importance of spacers in fouling, as RO modules with 
nanosilver-coated spacers outperformed nanosilver-coated membranes in terms of 
permeate flux (Yang et al., 2009). However, most of the research efforts have focused on 
antimicrobial spacer designs, and the optimal approach for biofouling mitigation on feed 
spacers is yet to be established (Bucs et al., 2014; Radu et al., 2014; Ronen et al., 2016, 
2013). To date, no studies have compared the efficacy of anti-adhesive spacers versus 
antimicrobial ones for biofouling control in desalination systems. 
In the present study, we investigated the biofouling resistance of a suite of modified 
feed spacers containing a broad range of anti-adhesive or biocidal surface chemistries, with 
the objective of identifying the surface properties that contribute the most to spacer’s 
biofouling resistance. Nanosilver was used as the biocidal coating, silica nanoparticles 
(SiO2 NPs) and trimethoxypropyl silane coated titanium dioxide nanoparticles (TMPSi-
TiO2 NPs) were used as hydrophilic and superhydrophobic anti-adhesive coatings, 
respectively, while graphene oxide (GO) was applied as a combined anti-adhesive and 
antimicrobial coating. Commercial polypropylene feed spacers were used as control 
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samples in order to compare performance against the industry standard for desalination 
modules and provide useful guidelines for feed spacers’ material design. The performance 
of the spacers was measured by deposition assays and flux decline measured via biofouling 
experiments in a bench-scale RO system. Our findings indicate that surface free energy 
(SFE) was the dominant factor in predicting the materials’ propensity to foul and that a 
biocidal coating appears to be the best strategy for biofouling control.  
 
3.2. Materials and Methods 
3.2.1. Materials.  
All chemicals and supplies were obtained from Fisher Scientific (Hampton, NH), 
except as noted below. Control spacers (34 mils, polypropylene) were provided by Conwed 
Plastics LLC. Graphite powder (SP-1 grade, 325mesh) was obtained from Bay Carbon 
(Bay City, MI). Colloidal silica (Ludox HS-40), was obtained from Aldrich Chemistry (St. 
Louis, MO). Titanium oxide (Aeroxide P25) was obtained from Acros Organics (New 
Jersey). The LIVE/DEAD Baclight bacterial viability kit was obtained from Invitrogen 
(Molecular Probes, Carlsbad, CA). A Dow SW30XLE (FILMTEC Flat Sheet) membrane 
was used for all RO experiments (Midland, MI). The bench scale RO was constructed using 
Swagelok (Salon, OH) materials. UV/Ozone treatments were done in a BIOFORCE 
Nanosciences UV/Ozone ProCleaner unit. Unless specified, all chemicals were dissolved 
in deionized (DI) water obtained from a GenPure UV xCAD plus ultrapure water 
purification system (Thermo Scientific, Waltham, MA).   
3.2.2. Spacer modification.  
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Control spacers (Conwed Plastics, 34 mils) were cut into 0.5cm x 2cm pieces for 
the static deposition assays and 4.5cm x 8.25cm for the RO experiments. They were used 
as is (pristine spacers) or functionalized with anti-adhesive or biocidal coatings. Before 
use, spacers were cleaned with DI water and compressed air. Nanomaterials were dispersed 
using a 3800 bath sonicator (Branson Ultrasonics, Danbury, CT). Spacers modified with 
AgNPs were produced according to the polydopamine-mediated silver nucleation reaction 
described by Tang (Tang et al., 2015). Spacers coated with GO were produced following 
the functionalization procedure of (Romero-Vargas Castrillón et al., 2015), which first coat 
the surface with polydopamine to promote GO attachment via hydrogen and π−π 
interactions between GO and polydopamine. The GO sheets were produced following a 
Modified Hummer’s procedure (Tung et al., 2009). Spacers functionalized with 
superhydrophilic silica particles were produced by contacting UV/O3-treated spacers, 
which have negatively charged oxygen-containing functionalities, with positively charged 
N-trimethoxysilylpropyl-N,N,N-trimethylammonium choride-functionalized SiO2 NPs 
produced according to a previously described procedure (Fang et al., 2010). 
Superhydrophobic spacers were obtained by dipping control spacers in a hot xylene, 
trimethoxypropyl silane (TMPSi), and TMPSi-TiO2 NPs solution  for 3 seconds, which 
produced a rough TMPSi-TiO2 coating on the spacer’s surface (Contreras et al., 2014). The 
functionalization procedures are fully detailed in the Supplementary Information (SI). 
3.2.3. Spacer characterization  
Contact angles were taken using an Attension Theta by Biolin Scientifin 
(Gothenburg, Sweden) using a 1001 TPLT Hamilton syringe (Reno, NV) and flat 
polypropylene sticks functionalized as described in section 2.2. Contact angle (CA) data 
 37 
was used to determine hydrophilicity and SFE of each material. Nanopure water was used 
for water contact angles (WCA), while the solvents used to solve for the SFE were 
nanopure water, diiodomethane, and glycerol. For both WCA and SFE at least 6 different 
measurements were taken. For each measurement, the Attension Theta software recorded 
~200 data points over 10s. Any significant outliers or improperly measured data points 
were discarded, and the contact angle values were averaged into a final mean, which was 
used for SFE calculations. SFE was calculated in accordance to the OWRK/Fowkes 
equation (equation 1), where 𝛾𝑠𝑔
𝐿𝑊= Lifshitz-van der Waals force between solid and gas, 
𝛾𝑙𝑔
𝐿𝑊 = Lifshitz-van der Waals force between liquid and gas, 𝛾𝑠𝑔
𝑃  = polar forces between 
solid and gas, 𝛾𝑙𝑔
𝑃  = polar forces between liquid and gas, 𝛾𝑙𝑔 = surface tension of liquid, 
and 𝜃𝑦 = contact angle (Owens and Wendt, 1969; van Oss, 2002). To account for 
roughness, all SFE calculations included a roughness area ratio (r; equation 2) (Tiraferri et 
al., 2012a). The surface area difference parameter (SAD) was obtained by atomic force 
microscopy (AFM) measurements, as described below. Equation 3 was used to generate 
all reported SFE values, as it incorporates r into the OWRK/Fowkes equation. 
 
√𝛾𝑠𝑔
𝐿𝑊𝛾𝑙𝑔
𝐿𝑊 + √𝛾𝑠𝑔𝑃 𝛾𝑙𝑔
𝑃 =  
1
2
𝛾𝑙𝑔 (1 + 𝑐𝑜𝑠𝜃𝑦)    (1) 
 
𝑟 = 1 + 𝑆𝐴𝐷       (2) 
 
 38 
√𝛾𝑠𝑔
𝐿𝑊𝛾𝑙𝑔
𝐿𝑊 + √𝛾𝑠𝑔𝑃 𝛾𝑙𝑔
𝑃 =  
1
2
𝛾𝑙𝑔 (1 +
𝑐𝑜𝑠𝜃𝑦
𝑟
)     (3) 
Surface zeta potential was evaluated by streaming potential measurements with a ZetaCAD 
analyzer with a flat surface cell (CAD Instruments, Les Essarts-le-Roi, France). An 
electrolyte solution composed of 5 mM KCl and 0.1 mM HCO3 was used for the 
measurements. Measurements were done for a pH range of 3-10 to identify the point of 
zero charge of each material. Surface roughness was analyzed by atomic force microscopy 
with a Bruker MultiMode 8 AFM (Bruker, Billerica, MA). The topographical images were 
taken in peak force tapping mode with NCHV cantilevers with a spring constant of 42 N/m 
(Bruker, Camarillo, CA). Image analysis was done using the Nanoscope Analysis version 
1.7 software. Spacer morphology and elemental analysis were evaluated using scanning 
electron microscopy (ESEM-FEG XL-30, Philips Hitachi SU-70, Hillsboro, OR) equipped 
with an EDAX Genesis Energy dispersive X-ray spectroscopy detector (AMETEK, 
Berwyn, PA). Raman spectroscopy was performed on a custom-built Raman spectrometer 
using a 532 nm excitation laser in a 180 geometry at the LeRoy Eyring Center for Solid 
State Science at ASU. Fourier Transform Infrared spectroscopy (FTIR) analyses were 
performed on a Bruker IFS66V/S FTIR system equipped with an MCT standard detector 
and a KBr beam splitter with a Diamond Attenuated Total Reflectance (ATR) module. 
3.2.4. Bacterial deposition  
Bacterial deposition on the pristine and functionalized spacers was assessed using 
a colony forming unit (CFU) assay. Pseudomonas aeruginosa (P. aeruginosa, ATCC 
15692), a model biofilm-forming organism, was grown overnight in Lysogeny broth (LB 
broth) on a shaker plate at 140 rpm in an Isotemp incubator (Fischer Scientific) at 37C. 
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The culture was then diluted in fresh LB (2:25) and grown under the same conditions until 
the optical density (OD) reached 1.0 (~2h), indicating late exponential phase. Bacterial 
cells were washed by centrifugation 3 times with a synthetic medium reproducing the 
composition of a secondary wastewater medium (Glueckstern et al., 2008) (see Table S1 
for details). The bacterial solution was then diluted in the medium at a ratio of 1:10. 4mL 
of this solution was placed in a 7mL scintillation vial containing a spacer sample. Vials 
were placed on a tube rotator set to 25 rpm and allowed to contact for 1h. Spacer samples 
were then removed, gently washed in synthetic wastewater, placed in 15mL Falcon tubes 
filled with 5mL of synthetic wastewater, and bath sonicated for 6min to remove the cells 
without compromising viability (Frank et al., 2017). A 0.1mL volume of the solution in the 
Falcon tube was withdrawn and diluted to 1:100. The 1:100 solution was plated in 50 L 
aliquots, placed in the incubator, and allowed to grow overnight. The CFU counts were 
made the next day and normalized to the control spacer CFU value.  
3.2.5. Live/Dead imaging 
Samples were placed in a BST FC 270 windowed flow cell by BioSurface 
Technologies (Bozeman, MT) and exposed to a bacterial solution (3 x 108 cells/mL) at a 
flow rate of 3mL/min delivered by a peristaltic pump (Masterflex, Gelsenkirchen, 
Germany). After 1h, flow was stopped, and 3 L of 3.34 mM Syto9 and 3 L of 4.67 mM 
propidium iodide (Molecular Probes, Carlsbad, CA) were injected into each flow channel 
to stain live and dead cells in green and red, respectively. Images were taken using a Leica 
DM6 epifluorescence microscope (Leica Microsystems Inc. Buffalo Grove, IL). ImageJ 
software (National Institutes of Health, MD) was used to analyze the images. Analysis was 
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conducted using the ImageJ counter tool, in which live and dead cells were manually 
counted. At least three images per sample were assessed, and images were taken at the 
same magnification and field of view so as to ensure continuity between collected data sets.  
3.2.6. RO biofouling 
Dynamic biofouling experiments were done in a bench-scale RO system with a 20 
L volume of synthetic wastewater (ionic strength of 15.9 mM) as feed water. Biofouling 
experiments were carried out for 24h and the collected flux data was compiled into rolling 
averages of 20 data points. The RO system was initially loaded with pre-wetted SW30 
membranes (Dow, Midland, MI) with active areas of 8.4cm x 4.6cm. Pressure, temperature, 
and crossflow were held constant at 325 psi, 20 C, and 37.8 cm/s, respectively. Continuous 
permeate flux was measured by Sensirion SLI-2000 flow meters (Staefa, Switzerland). 
Permeate water was returned to the reservoir to maintain a constant salt concentration. 
Biofouling experiments were proceeded by a membrane compaction period in nanopure 
water until the permeate flux reached stable values (~4h), after which the salt solutions and 
bacteria were added (50mL, OD= 1.0, washed 3 times in synthetic wastewater solution).  
3.2.7. Data analysis and statistics 
All experiments were done, at a minimum, in three independent replicates. Means and 
standard deviations were estimated for each treatment. Significant differences between 
multiple samples were determined by using ANOVA followed by a Tukey post-hoc test 
with α < 0.05. Statistically significant differences between samples were indicated using 
different letters in the figures. Comparison between two treatments was done with a 
Student’s t-test. P values less than 0.05 were considered to be significant. 
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3.3. Results and Discussion 
3.3.1. Spacer modification and characterization 
Successful modification of the control spacers was confirmed by various 
approaches:  (i) different surfaces characteristics were captured by SEM microscopy 
(Figure 1 top panels). The control surface appears as a smooth and homogeneous surface; 
however, after functionalization, a clear morphological change was noted for the 
functionalized spacers. Nanoscale-sized particles were visible on the silver-, SiO2-, and 
TMPSi-TiO2-coated spacers, while the GO-coated surface showed the distinctive wrinkled 
morphology of GO sheets, as previously observed on other GO-coated surfaces (Soroush 
et al., 2016a; Yin et al., 2016). Some heterogeneity in particle size, shape, and aggregation 
state was observed for all the functionalized surfaces, which suggest that the 
functionalization procedure could be further optimized for more homogeneous surface 
characteristics. (ii) Spectroscopic analyses of the functionalized surfaces confirmed the 
nature of the morphological change observed on the SEM micrographs. The SEM images 
analyzed by EDAX spectroscopy (Figure 1 bottom panels) show peaks attributable, 
according to the functionalization considered, to carbon (0.2 keV), oxygen (0.5 keV), silver 
(3 keV), Ti (4.5 keV), and Si (1.75 keV). (iii) FTIR confirmed the presence of Ti-O (400-
900 cm-1), Si-O (850-1300 cm-1), C=O (1700 cm-1), C-H (2900 cm-1), and -OH (3000-3600 
cm-1) functional groups (Figure S1). (iv) Successful functionalization of GO spacers was 
further confirmed by Raman spectroscopy of the GO-coated spacers, which revealed the 
distinctive D and G bands of GO at 1325 cm-1 and 1575 cm-1, respectively (Figure S2). The 
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appearance of the D and G bands is in agreement with previous research on GO-coated 
surfaces and supports the successful functionalization of the GO-coated spacers (Ionita et 
al., 2014; Y. Jiang et al., 2015; Xue et al., 2018). These different surface characterization 
techniques confirm that spacers were successfully functionalized with the different 
materials considered in this study. 
 
 
Figure 3.1. SEM micrographs (top panels) and EDAX spectra (bottom panels) of the 
functionalized sample spacers. Samples were sputter coated with gold and platinum for 
SEM analysis. Images were taken at 15 kV accelerated voltage.  
 
3.3.2. Spacer functionalization alters the surface chemistry of control 
Surface properties that are known to influence bacteria deposition were 
characterized for each functionalized surface and compared to pristine control. Surface 
wettability, which was indicated by the WCA, varied significantly between the different 
functionalized surfaces (Figure 2A). The addition of GO and silver coatings increased the 
hydrophilicity of the spacers, reducing the WCA from 91.9  3.5 for pristine control to 
58.1  3.2 and 50.8  1.5 for the GO and silver modified surfaces, respectively. The 
increased hydrophilicity of the GO and silver modified surfaces agrees with previous work 
where similar functionalizations were applied to membrane surfaces (Perreault et al., 2014 
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Yin et al., 2013). The increase in hydrophilicity can be attributed partly to the oxygen 
functional group of GO and to some extent to the hydrophilic nature of the PDA coating 
used as an intermediate for functionalization (Perreault et al., 2014; Tang et al., 2015). The 
spacers functionalized with SiO2 NPs were rendered highly hydrophilic, with a WCA of 
31.6  8.4, while the TMPSi-TiO2-coated spacers achieved superhydrophobicity at a 
WCA of 143.9  8.9. Concomitant change in surface free energy is also shown on Figure 
2A, with surface free energy increasing as the surface gets more hydrophilic. Surface free 
energy and hydrophilicity are two major factors influencing the deposition of bacteria to 
surfaces (Zhao et al., 2005; Asatekin et al., 2007; Bogler et al., 2017). The functionalized 
spacers produced in this study were designed to cover a range of wettability and surface 
energy values. 
Our results indicate that each modification increased the surface roughness of the 
feed spacers compared to the control (Figure 2B). The TMPSi-TiO2-coated spacer stood 
out as being very rough, with a 296 nm  46.3 average surface roughness compared to ~40 
nm for the GO, silver, and SiO2-coated spacers. The high roughness of TMPSi-TiO2 
modified spacers was due to the harsh functionalization conditions, where a hot (120C) 
suspension of TMPSi-TiO2 in xylene was used to melt the control and embed the TMPSi-
TiO2 NPs in the polymer. The high surface roughness of the TMPSi-TiO2 spacers was 
fundamental to the superhydrophobicity of the surface as it generated a heterogeneous 
surface that changes the surface wetting conditions to the Cassie-Baxter regime, where air 
pockets trapped in the rough microstructure prevent complete wetting of the surface 
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(Yoshimitsu et al., 2002). Therefore, for superhydrophobic coatings, high surface 
roughness is desired. 
Concurrently, surface charge was modified after functionalization of the spacers. 
Zeta potential, measured by streaming potential analysis, increased with the 
functionalization in the following order: control < TMPSi-TiO2 = GO = silver < SiO2 
(Figure 2C). The higher zeta potential value of the SiO2-coated surface can be attributed to 
the positively charged –NH3+ groups on the functionalized SiO2 NPs. The zeta potentials 
of the samples ranged from -25 to -15 mV in the pH range at which biofouling experiments 
were done, with the pristine spacer and the SiO2-coated spacers on either ends of the 
spectrum. 
Previous studies on surface fouling typically show that hydrophilic surfaces that 
have low surface roughness and negative surface charge are less prone to fouling. For 
example, RO and FO membranes functionalized with superhydrophilic SiO2 NPs were 
shown to better resist fouling of a variety of model organic foulants  (Tiraferri et al., 
2012b). Roughness impacts fouling rates, as foulants are more likely to deposit in the 
valleys and troughs of rough surfaces (Vrijenhoek et al., 2001). Past research has also 
demonstrated a correlation between surface charge and fouling of proteins on 
microfiltration membranes (Zhan et al., 2004). However, the relative importance of each 
of these properties on the overall fouling propensity of a surface is still not resolved and, 
based on the surface properties measured for the different functionalized spacers, it is 
difficult to predict which spacers will have the highest fouling resistance. Therefore, 
dynamic deposition assays were performed to assess the fouling propensity of each surface. 
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Figure 3.2. Physical properties of the control and modified spacers. (A) SFE and WCA 
measured by surface contact angles, (B) surface roughness (root mean square) measured 
by AFM, and (C) zeta potential measured at acidic, neutral, and basic pHs. Lower case 
letters indicate statistical significance, with different letters representing statistical 
difference (p-value <0.05.), determined by an Analysis of Variance followed by a Tukey 
Highly Significant Difference test. 
 
3.3.3. Bacterial deposition and viability on functionalized control 
Bacterial deposition was measured via CFU counts and epifluorescence 
microscopy analysis. Based on these analyses, the biocidal, silver-coated spacers 
significantly outperformed the other spacers in terms of bacterial deposition (Figure 3). 
Silver-coated spacers experienced 87%  7 less CFU on the surface compared to the control 
(100%  30) after 1h of contact with 1 ×108 CFU/mL of P. aeruginosa (Figure 3A). By 
comparison, TMPSi-TiO2-coated spacers had 5%  39 more CFUs than the control, while 
SiO2 had 76%  70 more, neither of which were statistically significant.  
Additionally, the spacer coated with GO, which was previously demonstrated to be 
both an anti-adhesive and antimicrobial agent on membranes (Liu et al., 2011; Choi et al., 
2013; Chae et al., 2015), showed the highest CFU increase compared to the control (216% 
 155) of any of the tested spacers. This unexpected result could be the product of several 
factors. For one, the synthetic wastewater used in these experiments included 0.2 mM of 
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CaCl2. Calcium is known to initiate fouling by forming calcium bridges between carboxylic 
acid groups, which are present on both bacteria and GO sheets (Lee and Elimelech, 2006). 
These carboxylic acid groups were added to a polypropylene surface that, initially, was 
relatively inert and devoid of carboxylic acid groups. In addition, the spatial orientation of 
GO was recently shown to have a profound effect on both its antimicrobial potential and 
its anti-adhesive properties, as horizontally aligned flat GO sheets have both reduced 
biocidal and anti-adhesive properties (Lu et al., 2017; Xue et al., 2018). Given the flat 
surface of control, the PDA-mediated functionalization may have favored a flat deposition 
of GO sheets on the surface and reduced its efficiency compared to other, more rough GO-
functionalized surfaces (Perreault et al., 2014). 
The CFU results were supported by epifluorescence imaging of the deposited 
bacteria stained with Syto 9 and propidium iodide, which indicate live and dead cells, 
respectively (Figure 3B). Bacterial viability on the control surface was 68%  6. The GO 
and SiO2 had a higher cell viability for deposited cells (95%  1 and 98%  1, respectively) 
and higher cell counts (increases of 17%  13 and 11%  20 compared to the control, 
respectively). These results agree with the CFU plate counts. For the silver-coated samples, 
cell counts were 97%  1 lower than control values while cell viability was reduced to 23% 
 8.  The TMPSi-TiO2 samples performed better than the control in terms of both cell 
counts (35%  2; statistically insignificant) and percent viability (53%  1; statistically 
significant), which differs from the data obtained by CFU plate counts. This discrepancy 
may be attributed to the different flow conditions (continuous flow vs rotating flask) of the 
different assays, potentially due to the self-cleaning properties of highly hydrophobic 
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materials, which, under certain conditions, can remove foulants as water rolls across the 
material’s surface (Nishimoto and Bhushan, 2013). From the two deposition assays, it can 
be concluded that more bacteria deposited on the hydrophilic surfaces compared to the 
control. In addition, silver-coated spacers had a lower bacteria abundance than all other 
surfaces. 
      
Figure 3.3. (A) Adhesion assays of P. aeruginosa in a synthetic wastewater medium placed 
in scintillation vials on tube rotator for 1h at a cell concentration of 1 x 108 cells/mL. For 
the control, an average of 274 CFUs were counted per cm2 of spacer. (B) Epifluorescence 
adhesion assays and viability tests were conducted in a windowed flow cell with a flow 
rate of 3mL/min for 1h and a cell concentration of 3 x 108 cells/mL in a synthetic 
wastewater medium. Syto9 and propidium iodide were used for live/dead cell staining. For 
the control, an average bacterial density of 1,380 bacteria per cm2 was observed. Lower 
case letters indicate statistical significance, with different letters representing statistical 
difference (p-value <0.05), determined by an Analysis of Variance followed by a Tukey 
Highly Significant Difference test. 
 
3.3.4. Biofouling control during reverse osmosis operation 
Bench-scale RO fouling experiments were performed using a synthetic secondary 
wastewater supplemented with P. aeruginosa. As biofilm developed in the membrane cell, 
the permeate flux declined for all samples (Figure 4). While biofilm growth on feed spacers 
does not directly inhibit membrane flux, it does so indirectly by increasing the biofilm 
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enhanced pressure drop in the module and biofilm from the spacers can be transported to 
the membrane (Bar-Zeev et al., 2015; Bogler et al., 2017). Following 24h of biofouling 
development, the permeate water flux of the membrane cell with a control spacer declined 
by 70%  2. In agreement with the bacterial deposition assay, the biocidal silver-coated 
spacers resulted in the lowest permeate flux decline of all conditions, with a 28%  2 
decline after 24h. The SiO2 spacer also had a statistically significant lower permeate flux 
decline (62%  2) than the control. In comparison, all other functionalized samples resulted 
in similar or higher flux declines than the control spacer (Figure 4). Therefore, the reduced 
deposition and viability observed by epifluorescence microscopy for the TMPSi-TiO2 
sample did not necessarily translate to better biofouling resistance in the membrane system. 
    
Figure 3.4. (A) Normalized average flux decline over 24h of RO modules tested with the 
control and each of the modified spacers. The initial P. aeruginosa concentration in the 
synthetic secondary wastewater medium was of 2.5 x 106 cells/mL. Experiments were done 
in triplicates. (B) Final flux decline of each RO run. The final permeate flux was calculated 
from rolling average of the flux during the last 20 minutes of the run. Lower case letters 
indicate statistical significance, with different letters representing statistical difference (p-
value <0.05), determined by an Analysis of Variance followed by a Tukey Highly 
Significant Difference test. 
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3.3.5. Mechanisms and implications 
Previous research on anti-adhesive membranes correlated hydrophilicity with low 
bacteria or protein adhesion (Mansouri et al., 2010). Typically, the adhesion of foulants to 
a material surface occurs in the stagnant layer of water resting between the material surface 
and the bulk fluid. Hydrogen bonding between hydrophilic materials and water can lead to 
a smaller stagnant layer, as well as higher shear forces, making it more difficult for foulants 
to adsorb on the surface (Kochkodan and Hilal, 2015). Moreover, given that most organic 
molecules are hydrophobic, many foulants can be driven away from hydrophilic surfaces 
due unfavorable hydrophilic-hydrophobic interactions (Rana and Matsuura, 2010). 
Therefore, based on these observations, we hypothesized that hydrophilic spacers would 
experience less fouling than the hydrophobic control. 
However, aside from the modest outperformance of the SiO2 modified spacers 
during the RO trials, the pristine control surface, which is relatively hydrophobic, 
performed in-line with or outperformed the hydrophilic surface functionalizations. None 
of the anti-adhesive modifications tested appeared to confer any advantages over the 
pristine control when biofouling is considered. Rendering the surface superhydrophobic, 
the opposite end of the spectrum, did not contribute to biofouling reduction either. The 
only surface functionalization that minimized biofouling of the spacers was the biocidal 
coating based on the silver functionalization. These results differ from previous research 
on membrane surfaces, where GO or superhydrophilic SiO2 coatings demonstrated good 
resistance to biofouling. This discrepancy highlights that a material’s anti-adhesive 
properties are relative and depend on the surface properties of the control. In the present 
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study, the control material, polypropylene, was inherently anti-adhesive, so the 
modifications that had worked on membranes, did not show the same effect on spacers. 
When correlating surface properties with biofouling for the various surfaces 
investigated in this work, surface free energy was found to be a key determinant of the 
fouling propensity. This relationship between surface free energy and fouling was 
previously identified for different types of materials and conditions (Baier, 1980; Absolom 
et al., 1983; Zhao et al., 2004, 2005). The relationship between SFE and adhesion is related 
to the DLVO Theory, which describes the interaction of particles in water through van der 
Waals forces and electrostatic forces.  Zhao et al. derived a formula from the DLVO theory 
describing the surface free energy at which fouling will be a minimum (Zhao et al., 2004): 
√𝛾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐿𝑊 =  
1
2
(√𝛾𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
𝐿𝑊 + √𝛾𝑓𝑙𝑢𝑖𝑑
𝐿𝑊 )      (4) 
where 𝛾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐿𝑊 , 𝛾𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
𝐿𝑊 , and 𝛾𝑓𝑙𝑢𝑖𝑑
𝐿𝑊  correspond to the Lifshitz-van der Waals surface free 
energies of the surface, bacteria, and fluid, respectively. Adhesion is less likely when the 
surface free energies of the surface and of the foulant are similar, and are more likely to 
occur when the average of 𝛾𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
𝐿𝑊  and 𝛾𝑓𝑙𝑢𝑖𝑑
𝐿𝑊  is larger than that of 𝛾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐿𝑊 .  
Previous research has calculated the Lifshitz-van der Waals surface free energy of 
stationary phase of P. aeruginosa (𝛾𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
𝐿𝑊 ) to be 30.7 mN/m (Grasso et al., 1996). In 
addition, van Oss et al. determined the 𝛾𝑤𝑎𝑡𝑒𝑟
𝐿𝑊  to be 21.8 mN/m (van Oss and Giese, 1995). 
Inputting these values into Equation 4 yields 𝛾𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐿𝑊 = 26.1
𝑚𝑁
𝑚
, indicating materials with 
an SFE of approximately 26 mN/m will have maximum resistance to adhesion of P. 
aeruginosa in terms of SFE. Using contact angle measurements, the SFE of control was 
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found to be 30.0 mN/m  2.8, which is closer to the theoretical ideal SFE than any of the 
functionalized surfaces. This near ideal SFE of the control is hypothesized to be the driving 
factor behind its ability to resist fouling. Previous research has also shown SFEs between 
10-24 mN/m to be the most resistant to biofouling in marine environments (Lindner, 1992; 
Chambers et al., 2006).  However, marine fouling includes fouling by algae, barnacles, and 
mussels in addition to bacteria. Therefore, the model derived by Zhao et al. (2004), which 
describes the relationship between bacterial fouling and SFE, is more representative of 
fouling in RO. 
 
 
 
Figure 3.5. Relationship between SFE, CFU adhesion counts, and RO permeate water flux 
decline, which shows that biocidal spacers provided the best results in both the RO and 
CFU experiments. 
 
Changes in SFE also explain the performance of most of the functionalized surfaces 
(Figure 5). Modification of the control surface with SiO2 (57.6 mN/m  2.4) and GO (39.2 
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mN/m  1.0) changed the SFE of the spacers away from the theoretical optimal value and, 
as a result, the fouling propensity of the surface increased. For GO-coated surfaces, 
previous work highlighted the role of the material’s hydrophilicity and antimicrobial 
properties in its ability to limit fouling on different types of surfaces (Soroush et al., 2016b). 
However, for the control, the GO coating increased the SFE of the spacer and rendered the 
surface, in respect to SFE, more prone to fouling. Moreover, the addition of GO sheets on 
the surface will increase the abundance of carboxylic acid functional groups compared to 
the control. These carboxylic acid functional groups can bind to organic foulants and 
bacteria in the presence of calcium and, in the calcium-rich synthetic secondary wastewater 
medium used in our experiments, may have contributed to the increase in bacterial 
deposition. Therefore, despite the promising findings found for GO on other types of 
materials, GO-coated spacers underperformed compared to the control. 
On the other hand, the SFE value of the hydrophobic TMPSi-TiO2 spacers (31.3  
3.8 mN/m) is not significantly different from the SFE of polypropylene, explaining why 
TMPSi-TiO2’s antifouling performance did not vary significantly from the control by all 
tested measures. The biocidal spacers coated with silver NPs had a similar SFE (30.7 mN/m 
 0.4) to the control as well, but these spacers also had lower bacterial abundance than all 
other samples. Silver is a strong biocidal agent thought to act through a variety of 
mechanisms, including disruption of cell membranes and destruction or inactivation of 
organelles and DNA (Fabrega et al., 2009; Prabhu and Poulose, 2012). Biocidal coatings 
based on silver have been shown to impart biofouling control on spacers, membranes, and 
a variety of others surfaces. Therefore, the good performance of silver-coated spacers 
should be expected. The reduced bacterial deposition and increased fouling resistance from 
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the biocidal spacers may be the result of bacterial inactivation by the surface, which inhibits 
cell division, or due to surface avoidance in response to silver stress (Mitzel et al., 2017). 
Under dynamic RO biofouling conditions, this biocidal surface was the only modified 
surface that showed resistance to biofilm formation. These results highlight the critical role 
of antimicrobial properties, as well as an optimized SFE, for improved biofouling control 
on spacers. 
3.3.6. Engineering applications 
Feed spacers play an integral role in RO spiral-wound modules, as they provide a 
channel for water to flow through and reduce the impact of concentration polarization. 
However, their propensity to foul can have a significant increase on the pressure drop in 
the feed channel and, by accumulating biofilms on their surface, can encourage the 
deposition of bacteria on membranes (Flemming, 1997; Vrouwenvelder et al., 2009; Radu 
et al., 2014).  The findings of our research suggest that the polypropylene spacers used in 
commercial RO modules possess good anti-adhesive properties, largely due to their SFE. 
These results support the use of SFE models, rather than the commonly used surface 
hydrophilicity parameters, as a starting point when designing antifouling spacer materials 
(Owens and Wendt, 1969; Baier, 1980; Zhao et al. 2004). However, to specifically target 
biofouling control, providing anti-adhesive functions is not sufficient and biocidal 
properties are needed for polypropylene surfaces.  
This study employed a synthetic wastewater, in which P. aeruginosa was the only 
bacteria present. In practice, other bacteria, organic molecules and inorganic compounds 
will be in feed water, so it is important to consider how other constituents might interact 
with the spacers. Using Zhao et al.’s adhesion model and SFE literature values of several 
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other common foulants, it is possible to predict which compounds may be prone to foul the 
spacers. The SFEs of Escherichia coli (E. coli; bacteria), alginate (polysaccharide), and 
bovine serum albumin (BSA; protein) are 32 mN/m  1.2, 20.7 mN/m, and 30.8 mN/m, 
respectively (Lee and Ruckenstein, 1988; Harkes et al., 1993; Caykara et al., 2005). 
Inputting these values into Zhao et al.’s model generates theoretical antifouling material 
SFEs of 27.7 mN/m  0.5, 21.3 mN/m, and 26.1 mN/m, respectively, which are similar to 
the values obtained for P. aeruginosa. This suggests that the relative fouling resistance of 
polypropylene spacers can be expected to hold true in real-world applications. However, 
biofouling is more complex than only deposition of foulants and, to efficiently mitigate 
biofilm formation, inactivation of deposited microorganisms is critical. The results of this 
work demonstrate that biocidal spacers are the optimal way to improve the biofouling 
resistance of polypropylene spacers. Future work on the development of biofouling 
resistant spacers should consider different biocidal coatings and longer duration studies 
with complex natural waters in order to identify the optimal surface coatings and validate 
their long-term performance in real systems. The role of the water composition should also 
be investigated to validate the use of biocidal coatings for biofouling control in seawater 
desalination settings, where higher ionic strength and chloride concentration may alter the 
performance of the biocidal compound used for antimicrobial properties. 
 
3.4. Conclusion 
This study describes the fouling behavior of control spacers with different anti-adhesive 
and antimicrobial surface chemistries. Our results demonstrate that SFE is a dominant 
factor in determining a material’s biofouling propensity and that the control, due to its near 
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ideal surface free energy, possess good intrinsic anti-adhesive properties. In addition, the 
strong performance of the biocidal silver-coated spacer shows that, to make spacers more 
biofilm-resistant, modified spacers should have good antimicrobial properties. Spacers’ 
development should therefore focus on increasing the antimicrobial performance of 
biocidal functionalizations, rather than developing anti-adhesive coatings, to achieve 
higher biofouling resistance in membrane modules. 
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PREAMBLE TO CHAPTER 4 
 
In Chapter 3, the varying materials science-based approaches to mitigating fouling 
were investigated. It was determined that surface free energy was the dominant factor 
governing adhesions, while biocidal surfaces offered was the most effective approach to 
reducing fouling rates. However, regardless of the material used, at least some degree of 
biofouling was observed.  Therefore, given that at least some fouling is to be expected over 
time, in Chapter 4 the ability to clean fouled surfaces in situ, without the use of chemical 
cleaning procedures, was studied. Specifically, the ability of an anodic surface to remove 
an established biofilm was investigated. Biofilms were allowed to develop for 72h on an 
anodic surface (boron doped diamond), after which point the electrochemical cell was 
turned on, resulting in the generation of reactive oxygen species and oxygen gas. The 
biofilm removal was measured via an optical coherence tomography microscope. The 
efficacy of biofilm removal for four different current densities (12.5 mA cm-2, 25.0 mA 
cm-2, 50.0 mA cm-2, 87.5 mA cm-2) was measured, and rate constants were calculated. 
 
Question: 
Q2) Can biofilms be removed from fouled anodic surfaces by the application of a non-
continuous current? 
 
Hypothesis: 
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H2) Rapid and near-complete biofilm dispersal, driven by a combination of mechanical 
forces and oxidation reactions, is achievable provided the minimum applied current 
density (j) is met or exceeded. 
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Abstract 
Biofilm formation and growth on submerged surfaces causes numerous operational 
problems, ranging from hindering diffusion of pollutants to electrode surfaces during 
electrochemical water treatment to harboring pathogens in indoor plumbing. This work 
evaluates electrochemical biofilm dispersion kinetics from boron-doped diamond (BDD) 
surfaces in situ using optical coherence tomography microscopy to track the volume of 
biofilm (biovolume) on the electrode. After starting with a 75 μm thick biofilm, applying 
50 mA cm-2 results in near complete biofilm removal after 60 min, with a pseudo first-
order biovolume removal rate of 0.023 min-1; higher applied currents had negligible 
additional benefits. Thus, it appears plausible to attain biofouling mitigation through 
electrochemical self-cleaning of BDD electrodes, potentially via the following two-step 
process: 1) hydroxyl radical production on the electrode surface which oxidizes 
polysaccharides or other cellular materials that attach bacteria to surface, followed by 2) 
gas evolution on the electrode surface (beneath the biofilm), which pushes and sloughs off 
the biofilm. This novel approach to biofouling management can find applications in 
electrochemical water treatment and other important surfaces (e.g., electrodes, membrane 
spacers, heat exchange surfaces, interior pipe surfaces, etc.) in water treatment systems 
where biofilms develop and harbor microbial pathogens. 
 
Keywords 
Boron-doped diamond, electrochemical advanced oxidation, water treatment, self-
cleaning electrode, biofilms 
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4.1. Introduction 
Persistent organic pollutants (POPs) are highly recalcitrant compounds that are difficult 
to remove by conventional water treatment technologies. Electrochemical advanced 
oxidation processes (EAOPs) are emerging as an alternative treatment to remove POPs 
(Moreira et al., 2017; Radjenovic and Sedlak, 2015). Among EAOPs, anodic oxidation is 
the most promising technology due to its versatility, wide pH range of applicability, and 
scalability (Garcia-Segura et al., 2018).  Hydroxyl radicals (⚫OH), highly oxidant species 
(E(⚫OH/H2O) = 2.80 V/SHE), are electrogenerated on the surface of anodes (M) with high 
overpotential of oxygen evolution during water oxidation reaction (1). Boron-doped 
diamond (BDD) thin-film electrodes are acknowledged as the anodic material with the 
highest efficiency of generation of physisorbed ⚫OH (Garcia-Segura et al., 2015), and some 
full-scale applications have been reported (Martínez-Huitle et al., 2015; Moreira et al., 
2017). The non-selective reaction of ⚫OH with POPs leads to their complete mineralization 
(Lanzarini-Lopes et al., 2017; Sopaj et al., 2015). One of the most compelling features of 
EAOPs is the complete control of the overall process through the application of a defined 
current, which permits arresting the treatment at any time by sampling turning off the 
current.  
M + H2O → M(⚫OH) + H+ + e-       (1) 
Periphytic microorganisms grow on nearly all surfaces and can trap chemicals or 
pathogens from flowing water. Biofilms consist of living and dead cellular material, 
detritus from flowing water, and often inorganic mineral precipitates enclosed in a matrix 
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of self-produced extracellular polymeric substances (EPS) (Flemming and Wingender, 
2010). The EPS, which is secreted by the cells (Flemming, 2002; Mansouri et al., 2010; 
Wingender and Flemming, 2011), reinforces the biofilm structure to the surface and 
protects the cells from environmental stress. Biofilms reduce diffusion rates of chemicals 
from the bulk solution to the electrode surface. While these chemical gradients are 
desirable in applications such as microbial electrochemical cells (energy production or 
pollutant degradation), in most other applications they are undesirable.  Mature  biofilms 
are notoriously resistant to removal by cleaning or disinfection procedures (Flemming, 
2002; Mansouri et al., 2010; Wingender and Flemming, 2011) because chlorine degrades 
as it enters the biofilms and fails to inactivate organisms deeper in the biofilm. Finally, 
bacterial biofilms can harbor and encourage growth of pathogenic organisms (e.g., 
Legionella) that can cause health concerns (Flemming, 2002; Mansouri et al., 2010; 
Wingender and Flemming, 2011). 
Continuous production of reactive oxygen species (ROS) by EAOPs can kill bacteria 
and oxidize EPS (Bruguera-Casamada et al., 2016; Cotillas et al., 2016; Jensen et al., 2014). 
Thus, it may be inferred that, at high potentials, biofouling would be prevented due to the 
yield of ⚫OH and the low surface free energy of BDD (Lindner, 2009; Ronen et al., 2015; 
Sultana et al., 2015; Zhao et al., 2005). Some water treatment processes experience 
intermittent operation. For example, point-of-use treatment systems in homes, hospitals, 
industries, restaurants or hotels. In contrast with continuously operating systems (e.g., lab 
experiments or central water purification systems), little is known about formation of 
biofilms during off-cycle periods (Garcia-Segura et al., 2018; Moreira et al., 2017). During 
intermittent operation cycles, it is likely that biofilms form, are difficult to remove, and can 
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lead to unsafe water and health risks (Flemming, 2002; Mansouri et al., 2010; Wingender 
and Flemming, 2011). In this context, it is of high relevance to understand the self-cleaning 
capabilities of the anode after the formation of a thick biofilm on the electrode. 
 The aim of this work is to increase our fundamental understanding of the 
electrochemical reactions leading to biofilm dispersion on surfaces. This work has relevant 
implications when considering the implementation of electrochemical technologies in 
water treatment plants, particularly so in the context of point-of-use devices. Moreover, 
this knowledge will have important implications in engineered systems that are exposed to 
other real environmental conditions and have to the potential to be electrochemically 
functionalized, such as continuously operated membrane modules or aquatic sensors. 
 
4.2. Experimental Approach 
4.2.1. Biofilm growth on boron-doped diamond electrode surface. Pseudomonas 
aeruginosa (P. aeruginosa, ATCC 15692), a model biofilm-forming organism (Mann and 
Wozniak, 2012) was employed following previously published procedures (Rice et al., 
2018). Bacteria were grown in Lysogeny broth (LB broth) on a shaker plate at 140 rpm in 
an Isotemp incubator (Fischer Scientific) at 37 ºC for 12 h. The culture was diluted in LB 
(2:25) and grown under the same conditions until reaching optical density (OD) of 1.0 
(~2h), as measured by a Hach Odyssey Spectrophotometer (Loveland, CO). Then, to 
isolate the bacteria, the cells were washed 3 times by centrifugation using a synthetic 
wastewater media (NaHCO3 6.0 mM, KH2PO4 2.4 mM, MgSO4 1.8 mM, CaCO3 1.0 
mM, pH 7.5). The wastewater media was modified to remove chloride salts, so as to strip 
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out the impact of chlorine-based oxidizing agents that are generated during electrolysis 
(Cl2, ClO2, and Cl2O) (Mostafa et al., 2018; Sandvik et al., 2013). Washed cells were 
added to a reservoir containing a synthetic wastewater media, 0.1 % wt. glucose, and an 
initial P. aeruginosa concentration of 5 x 107 cells mL-1. The bacterial solution was 
recirculated through the electrochemical cell containing the BDD plate with a peristaltic 
pump (Masterflex) at a constant flow rate of 3.0 mL min-1 for 72 h, which resulted in a 
biofilm growth on the BDD anode surface (Fig. 1a and b). 
4.2.2. Electrochemical cell coupled to optical coherence tomography microscopy. 
Electrochemical experiments were carried out in an open undivided cell containing 60 
mL of the solution described above. The anode was a BDD thin-film electrode from 
NeoCoat (La-Chaux-de-Fonds, Switzerland) where a biofilm formed by P. aeruginosa 
was grown on the electroactive area of 4.0 cm2. A platinum wire cathode was immersed 
in the solution during the electrolysis. The set-up of the electrodes is depicted in the 
scheme of Fig. 1a. Note that the BDD plate is placed horizontally through the cell wall 
facing the lens of an optical coherence tomography (OCT) microscope (Ganymede II, 
Thorlabs, Germany) to analyze the removal of the grown biofilm in situ during 
electrolysis at constant current density (j) (Tenma 72-8340A potentiostat/galvanostat). 
Biofilm images were analyzed using the Thorlabs OCT v4.4 software and ImageJ v1.5 
software (National Institutes of Health, MD). The ImageJ Voxel Counter plugin was used 
to quantify the volume of the biofilm (Inurria et al., 2018). 
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Figure 4.1. (a) Scheme of the electrochemical cell set-up coupled to OCT microscope for 
in-situ analysis of biofilm cleaning on the BDD anode surface: (1) Power supply, (2) BDD 
anode, (3) Pt cathode, (4) OCT microscope. The tomography images depict the (b) pristine 
and (c) bio-fouled BDD electrode.  
 
4.3.  Results and Discussion  
4.3.1. Fouling and self-cleaning of anodic surface. To simulate cyclical operations, 
biofilm was first allowed to establish itself on a BDD without flowing current. A thick 
biofilm (~75 μm) forms on the BDD electrode surface within 72 h, as observed from 
comparison of OCT imaging of the pristine and biofouled BDD surface in Fig. 1b and c. 
The OCT microscope measures light backscattering from the sample and is expressed in a 
false color scale representing optical density. Thus, the biofilm is seen as the heterogeneous 
green structure while the optically dense BDD plate is visualized in red and yellow below 
the biofilm layer (Figure 1c).  
1 2 
3 
4 
b) 
c) 
a) 
 72 
t= 0 min 
0.31 mm3 0.02 
82.8 m 18.9 
t= 5 min 
0.18 mm3 0.01 
32.2 m 12.6 
t= 10 min 
0.14 mm3 0.01 
4.3 m 0.5 
t= 15 min 
0.12 mm3 0.01 
3.1 m 0.2 
t= 60 min 
0.06 mm3 0.01 
1.3 m 0.2 
Even though the EPS matrix protects the bacterial community from the 
environment by reducing the diffusion of cleaning chemicals (Flemming, 2002; Mansouri 
et al., 2010; Wingender and Flemming, 2011), water readily diffuses through EPS and other 
biofilm components. Thus, upon passage of a current through the electrode, 
electrogeneration of ⚫OH from water oxidation occurs according to reaction (1). Within 60 
min of applying a constant current density (j) of 50 mA cm-2, OCT imaging reveals the 
disruption of the biofilm (Figure 2). As seen after 5 min of electrochemical cleaning on 
Fig. 2, biofilm dispersal starts in certain regions where, either due to weaker attachment 
strength or lower biofilm density, sloughing of biomass from the surface is more 
noticeable. These cleaned micro-isles expand with the electrolysis time until the electrode 
surface is free from the biofilm. We also note that during the self-cleaning process certain 
regions show higher stability and remain anchored to the surface for longer time. After 60 
min of applying the current there is near-complete removal of the biofilm, demonstrating 
the capabilities of BDD to attain self-cleaning mediated by the action of ⚫OH. 
 
 
 
 
 
  
Figure 4.2. Three dimensional and transversally cut two dimensional tomography images 
of the biofouled electrode during electrochemical treatment at j= 50 mA cm-2 at different 
electrolysis time until reaching complete self-cleaning. The z-direction represents biofilm 
thickness. Average three dimensional values (mm3) and thickness of biofilm (m) are 
given.  
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Varying the applied j determines the electrokinetics of ⚫OH formation and thus 
presumably controls the rate of electrochemical biofilm removal. Figure 3 illustrates the 
decline of biofilm biovolume over time during electrochemical self-cleaning under 
different applied j. Higher biofilm removal percentages were attained for increasing j, 
which can be explained by the increase in ⚫OH electrogeneration that accelerates the self-
cleaning rate. Little biofilm mitigation was observed at 12.5 mA cm-2, which can be due to 
the low oxidizing capabilities of the small concentration of ⚫OH electrogenerated 
compared to the rate of EPS production or cell growth. This illustrates the remarkable 
stability of biofilms to mild oxidant production. Decay of biofilm biovolume was initially 
observed at 25 mA cm-2, reaching over 55% removal after 60 min of electrolysis. A 
dramatic reduction of roughly 75% of the biovolume was observed at 50 mA cm-2 after 20 
min of electrochemical self-cleaning, and after 60 minutes of cleaning nearly all of the 
biofilm was removed. This may have been due to the sloughing of biomass off the electrode 
upon oxidation of biofilm components directly attached to the BDD surface, rather than 
the complete mineralization of all the organics within the biofilm. Therefore, it should not 
be expected that biofilm mitigation be linearly proportional to applied current. 
Additionally, when the highest j (87.5 mA cm-2) was applied, it did not translate to faster 
biofilm removal. This trend may be explained by the acceleration of parasitic reactions that 
consume electrons delivered in non-oxidizing reactions, reducing the ratio of EPS 
oxidation and biofilm removal events per charge circulated (Lanzarini-Lopes et al., 2017). 
These competitive reactions involve oxygen evolution from water oxidation from (2), ⚫OH 
radical dimerization to H2O2 from (3) and H2O2 oxidation to hydroperoxyl radical (HO2⚫) 
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from (4) (Garcia-Segura et al., 2018; Moreira et al., 2017). Even though some of the species 
formed are also ROS, they are weaker oxidants compared to ⚫OH radicals and may be 
incapable of effectively oxidizing EPS (Haisch and Niessner, 2007). 
2H2O → O2 + 4H+ + 4e-        (2) 
2⚫OH → H2O2         (3) 
H2O2 + ⚫OH → HO2⚫ + H2O       (4) 
 
 
 
Figure 4.3. Biovolume decline with electrolysis time during BDD anode self-cleaning 
under different applied current densities: () 12.5 mA cm-2, (⚫) 25.0 mA cm-2,() 50.0 
mA cm-2, () 87.5 mA cm-2. (b-i) Scheme of biofilm removal mechanism from the BDD 
surface. 
 
 
Excessively high j may result in a loss of self-cleaning efficiency and an increase 
of the energy consumption required for electrode surface regeneration. The biovolume 
decay over 50 mA cm-2 appears to follow pseudo-first order kinetics, which suggests a 
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constant electrogeneration of ⚫OH from reaction (1) attaining a pseudo-constant 
concentration of oxidant on the anode surface (Garcia-Segura et al., 2015). Experimental 
rate constant of self-cleaning (ksc) of 0.023 min-1 (R2= 0.71) and 0.033 min-1 (R2=0.87) 
were estimated for 50 mA cm-2 and 87.5 mA cm-2, respectively. It is important to remark 
that these reaction rate constant values are the product of multiple reactions and 
phenomenon (e.g. oxidation of biomass, biofilm sloughing, physical disruption) and 
therefore should be considered only as experimental observations. 
It may appear from further analysis of self-cleaning kinetics of Fig.3 that applying 
a current for up to 60 min of electrolysis is an unnecessary waste of energy. However, as 
can be seen in Fig.2, the remaining biofilm after 15 min of electrolysis (0.12 mm3 0.01, 
~35% of initial biofilm volume) is tightly anchored to the BDD surface, likely due to a 
higher local density of polysaccharides (Ahimou et al., 2007; Flemming and Wingender, 
2010). This enables the biofilm anchor to resist ⚫OH oxidation and remain attached to the 
BDD surface for longer periods of time (Ahimou et al., 2007). While these anchors  account 
for a small amount of the biovolume, their presence can facilitate the adhesion of new 
foulants, resulting in an accelerated rate of biofilm regeneration (Kochkodan and Hilal, 
2015). Therefore, it is desirable to remove as much of the total biofilm as is reasonably 
possible.  
4.3.2. Mechanism of biofilm removal. The biofilm removal behavior observed in Fig. 2 
suggests that the self-cleaning mechanism must be ascribed to the in-situ generation of 
⚫OH at the interface between BDD and the biofilm (EPS and bacteria). The biofilm EPS is 
mainly composed of proteins and polysaccharides which can be oxidized by ⚫OH (Ahimou 
et al., 2007). Oxidation of EPS functional groups linked to the BDD surface would result 
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in the entire film detachment. On the other hand, the formation of oxygen bubbles 
according to reaction (2) cannot be considered independently as a suitable mechanism since 
biofilm detachment is not observed at low applied currents of 12.5 mA cm-2 (cf. Fig. 3) 
where gas evolution was also observed during the experiments. This trend may be 
explained by the diffusion of the evolved gas through the biofilm. Bio-electrochemistry 
studies demonstrate the diffusion of gas through biofilms without resulting in their 
perturbation or detachment, which is, for example, observed in hydrogen autotrophic 
denitrifying biofilm cathodes (Sakakibara et al., 1994).  
However, gas evolution may promote faster removal of the biofilm after the initial 
detachment induced by ⚫OH oxidation. As O2 bubbles grow in the electrode interface, the 
buoyancy force acting on each bubble increases, leading to accelerated physical disruption 
of the already loosened biofilm. This hypothesis is supported by OCT images of Fig. 2, 
where the circular region and floating biofilm chunks observed after 5 min of electrolysis 
on the 3D image may be indicative of this cooperative mechanism. Moreover, the initial 
detachment mediated by ⚫OH would explain the presence of biofilm anchors which are 
more difficultly removed. 
 
4.4. Summary and Conclusions  
Biofilm formation is one of the most widespread and significant problems plaguing 
modern water treatment systems. For the first time, we show that biofilms will grow on 
BDD anode surfaces and this could emerge as a significant barrier in the widespread 
adoption of electrochemically-driven technologies in water treatment. Critically, we 
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demonstrate the self-cleaning capabilities of BDD when applying current densities above 
25 mA cm-2 after just 60 min of electrolysis. Biofilm removal from BDD surfaces is likely 
a function of (i) near-surface ⚫OH production resulting in the non-selective oxidation of 
surface-bound EPS and (ii) the evolution of gas bubbles that physically disrupt and move 
the weakened biofilm away from the surface. Additional self-cleaning time is required to 
ensure a thorough removal of biofilm anchors that may accelerate the rate of biofilm 
regeneration. 
It is important to emphasize that biofilms help microorganisms resist the effects of 
chemical cleanings (Mansouri et al., 2010). Excessive cleaning frequency or chemical 
dosing can result in  destruction of membranes, discharging of toxic chemicals into the 
environment, and formation of carcinogenic disinfection byproducts (Boorman et al., 1999; 
W. Jiang et al., 2015; Mansouri et al., 2010). In this context, electrochemical self-cleaning 
of surfaces is a chemical-free process that may show potential applicability that extends 
beyond EAOPs, as it could also be paired to control biofouling with complementary 
treatment technologies such as membranes, storage tanks, and conveyance systems. 
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PREAMABLE TO CHAPTER 5 
 
In Chapter 4, inputting an electrical current into an electrode (BDD operated as an 
anode) produced electrochemical reactions capable of cleaning the majority ( > 75%) of 
biovolume on the biofouled surface. Chapter 5 aims to build upon these findings by 
assessing the cleaning potential of both anodic and cathodic reactions on a PVDF 
membrane coated with CNTs. Membranes were chosen as the electrode because of the 
propensity for foulants to accumulate on membranes due to their role as a separator of 
bacteria, organics, and salts. As in Chapter 4, biofilms were allowed to form on the 
electrode surface for 72 h, at which point the electrochemical cell was operated as a means 
to clean the electrochemically active membranes. Results showed that the removal kinetics 
of cathodic experiments were much faster than anodic conditions, with 100% of the 
biovolume removed after 2 min under the 50 mA/cm2 and 25 mA/cm2 cathodic conditions, 
and 95% removal achieved in less than 10 min under the 12.5 mA/cm2 cathodic conditions. 
The rapid removal kinetics of the cathodic conditions appear to be driven by the vigorous 
bubbling of H2 on the membrane surface, resulting in mechanical displacement of the 
biofilm. Anodic experiments produced less favorable results, with roughly 40% removal 
after half an hour under the 50 mA/cm2 and 25 mA/cm2 conditions. Moreover, the CNT 
coating broke down during the anodic trials, potentially due to oxidative degradation of the 
polyurethane binder holding the buckypaper together. Energy analysis indicated that the 
25 mA/cm2 cathodic condition was the most energy efficient way to disperse biofilm. 
Assuming an electricity cost of $0.15 per kWh, our estimates put the price to clean 99% of 
biovolume from 1 m2 of fouled membrane at $0.000318. 
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Q3) What is the most energy-efficient way to remove biofilms from conductive 
membranes? 
 
H3) Rapid and complete biofilm dispersal from electrochemically-active membranes 
is possible by leveraging the mechanical forces arising from vigorous H2 generation at 
the cathode. 
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5.1. Introduction 
Recent studies estimate that 4 billion people, or two-thirds of the global populace, 
experience severe water scarcity at least 1 month of year (Mekennon and Hoekstra, 2016; 
UN-Water, 2019). To bridge the gap between supply and demand, utilities are increasingly 
using alternative water supplies, such as seawater and wastewater. These non-traditional 
water supplies have the potential to not only alleviate current supply gaps, but to also 
provide consistent, secure sources of water that can support the near inevitable growth in 
water demand over the coming decades due to population growth, economic expansion, 
and climate change (Oki and Kanae, 2006; Aghakouchak et al., 2015).  
 A major hurdle to the exploitation of non-traditional water supplies is their 
relatively poor quality. Compared to traditional sources, such as rivers, lakes, and aquifers, 
alternative sources such as seawater and wastewater are high in microorganisms, organics, 
salts, and other impurities. Therefore, these waters often require the use of advanced 
treatment techniques to improve the water quality to acceptable standards. Membrane 
processes can efficiently remove salinity, trace organic pollutants, pathogens, and other 
impurities from the water, making it a technology of choice for the treatment of alternative 
water sources.  
However, the aforementioned organics and bacteria commonly found in alternative 
water sources pose particularly acute challenges to membrane systems. Since membranes 
act as a separator, they are choke-point for bacteria and organics, which deposit on the 
membrane surface and lead to the formation of biofilms, gel-like structures comprised 
primarily of microorganisms and extracellular polymeric substances (EPS) (Bixler and 
Bushan, 2012; Kochkodan and Hilal, 2015). Biofilms are problematic in water treatment 
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and distribution systems for a number or reasons, including, but not limited to, increasing 
the energy requirements to treat and distribute water, damaging infrastructure, and 
catalyzing pathogenic outbreaks (Flemming, 2002; Wingender and Flemming, 2011; 
Kochkodan and Hilal, 2015). Biofouled membranes must also be replaced more often, 
which results in higher capital needs at the treatment site (Schulenburg et al., 2008).  
The impacts of biofouling can be mitigated by dosing chemicals into the feed water; 
however, this is an expensive, hazardous-to-handle approach that often fails to fully 
remove the biofilm (Kim et al., 2018), and poses a potential threat to human health and the 
environment (Gits and Hankins, 2018). Additionally, some membranes degrade when 
exposed the highly oxidizing chemicals, such as chlorine, that are commonly used for 
biofouling control (Matin et al., 2011; Zirehpour et al., 2017). Thus, while water treatment 
operators have tools available to manage the critical problems posed by biofouling, the 
solution comes at notable environmental and economic cost, with some estimates putting 
the cost of biofilm control at 30% of a plant’s total operating cost (Flemming, 1997). 
Recent research has suggested that electroactive materials may be an effective 
method for controlling biofilm formation on surfaces, including membranes. Applying a 
voltage to an electrochemically active material can result in a number of effects relevant to 
biofilm control, including dielectrophoretic effects, electrophoretic effects, electroosmotic 
interactions, electrostatic interactions, Joule heating, shifts in local pH, and electrochemical 
reactions (De Lannoy et al., 2013; Zhang et al., 2015; Wilson et al., 2016; Dudchenko et 
al., 2017; Zhang et al., 2017; Zhu and Jassby, 2019). The nature and intensity of the 
processes driven by the electroactive surface can be controlled by altering the electric 
potential, current, and material of electrodes. This offers the ability to tailor the behavior 
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of electroactive surfaces to best function and resist fouling in the system they will be 
operated in. 
Recent work by Rice et al. demonstrated that biofouled boron-doped diamond 
(BDD) plates could be cleaned anodically in less than an hour by an “on-off switch” 
approach (Rice et al., 2018b). This approach demonstrated that a tunable, electrochemical 
approach could be successfully employed to clean systems on an on-demand basis, with 
approximately 75% of the cleaning occurring with the first 20 min of applying a current. 
The effective cleaning, as well as the ability achieve the cleaning in situ and only when 
needed, suggests further research is warranted in this promising, but nascent, approach to 
biofilm mitigation. 
 This work aims to evaluate biofilm dispersal from a carbon nanotubes (CNT)-based 
membrane coating, a common material for electroactive membranes (Zhu and Jassby, 
2019), over a range of voltage conditions in order to identify the most cost-effective 
operating conditions for biofouling control. This approach was tested using a model 
concentrated wastewater brine for an electroactive polyvinylidene fluoride (PVDF) 
membrane distillation (MD) platform, which is an emerging membrane process highlighted 
as a technology of choice for brine management (Dudchenko et al., 2017; Deshmukh et al., 
2018; Choudhury et al., 2019). The membrane’s ability to disperse biofilms under “on-off” 
conditions was measured by optical coherence tomography (OCT) microscopy. Removal 
kinetics for cathodic and anodic conditions were measured to calculate the energy required 
for biofilm removal under each condition. To the best of our knowledge, this is the first 
study to investigate and quantify the kinetics of biofilm dispersal by electroactive 
membranes over a range of current densities. This systematic characterization of biofilm 
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removal rates allowed us to identify the optimal conditions for biofouling dispersal by 
conductive coatings. These findings can be broadly applied to CNT-based conductive 
membranes, which are used for a wide range of applications in water treatment.   
 
5.2. Materials and methods 
5.2.1. Membrane functionalization and characterization. Multi-walled carbon 
nanotubes in the form of buckypaper with a polyurethane binder were obtained from 
NanoTechLabs (Yadkinville, NC). MD membranes (D2OSXXM, Fluorodyne II 0.2 µm 
polyvinylidene fluoride (PVDF)) were kindly donated by Pall (Port Washington, NY). The 
buckypaper was attached to the active side of the membrane via polydopamine-mediated 
chemistry, in which the active side of membranes was exposed to a solution of 10 mM Tris 
buffer and 20 mM solution of dopamine at pH 8.5 for 30 min. After rinsing with DI for 30 
s, the buckypaper was placed on the polydopamine-coated membrane surface. To facilitate 
adhesion, the membranes were clamped between two glass plates, with a layer of 
polytetrafluoroethylene (PTFE) separating the membranes and buckypaper from the glass. 
The membranes were left sandwiched between the glass plates for 2 days. The PTFE layer 
was added to prevent the membranes and buckypaper from adhering to the glass. The 
functionalized membrane was characterized by Raman spectroscopy using a WITec 
alpha300R confocal Raman microscope. A 532 nm excitation laser and a 100x objective 
lens with an approximately 1 m laser spot size was used to take measurements. 
5.2.2. Biofilm growth on CNT membrane-electrode surface. Pseudomonas aeruginosa 
(P. aeruginosa, ATCC 15692), a model biofilm-forming organism (Mann and Wozniak, 
2012), was employed following previously published procedures (Rice et al., 2018a). 
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Bacteria were grown in Lysogeny broth (LB broth) on a shaker plate at 140 rpm in an 
Isotemp incubator (Fischer Scientific) at 34 ºC for 12 h. The culture was diluted in LB 
(3:50) and grown under the same conditions until reaching optical density (OD) of 1.0 (~2 
h), as measured by a Hach Odyssey Spectrophotometer (Loveland, CO). Then, to isolate 
the bacteria, the cells were washed 3 times by centrifugation using a synthetic wastewater 
media derived from Glueckstern et al. (NaCl 4,675 mg/L; NaCitrate 1,765 mg/L; NaHCO3 
420 mg/L; MgSO4 370 mg/L; KH2PO4 348 mg/L; CaCl2 294 mg/L; NH4Cl 214 mg/L; pH 
7.5) (Glueckstern et al., 2008). The wastewater media salt concentration provided by 
Glueckstern was multiplied by 10x to provide a more realistic water to mimic wastewater 
desalination brine originating from a high recovery water reclamation plant. Washed cells 
were added to a reservoir containing a synthetic wastewater media, 0.1 % wt. glucose, and 
an initial P. aeruginosa concentration of 5 x 107 cells mL-1. The bacterial solution was left 
in the reservoir, with a 2 cm2 CNT coupon taped to the bottom (Scotch 33+ electrical tape, 
3M; Maplewood, MN), for 72 h, which resulted in a biofilm growth on the CNT surface. 
5.2.3. Electrochemical cell coupled to optical coherence tomography microscopy. 
Electrochemical experiments were carried out in an open undivided petri dish containing 
25 mL of the synthetic concentrated wastewater solution described above. The electrode 
was the CNT-PVDF membrane. A platinum wire counter electrode was immersed in the 
solution to enable the electrochemical reactions. The set-up of the electrodes is depicted in 
Figure S1. Note that the CNT-membrane is placed horizontally through the cell wall facing 
the lens of an optical coherence tomography (OCT) microscope (Ganymede II, Thorlabs, 
Germany) to analyze the removal of the grown biofilm in situ during electrolysis at 
constant current density (j) (Tenma 72-8340A potentiostat/galvanostat). The flow of 
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electricity was delivered from the power source to the membrane via a titanium rod taped 
to the membrane, with part of the rod sticking out of the solution, where a crocodile clip 
was attached. The membranes were tested as both a cathode and as an anode. Biofilm 
images were analyzed using the Thorlabs OCT v4.4 software and ImageJ v1.5 software 
(National Institutes of Health, MD). The ImageJ Voxel Counter plugin was used to quantify 
the volume of the biofilm (Inurria et al., 2018). 
5.2.4. Biofilm removal kinetics and associated energy consumption analysis. The 
energy efficiency of the biofilm removal was calculated using equation 1, an equation 
modified from the work of Lanzarini-Lopes et al. (Lanzarini-Lopes et al., 2017):  
𝐸𝐵𝑅  (𝑘𝑊ℎ 𝑚
−2) =  
6.40 × 10−4 𝐸𝑐𝑒𝑙𝑙 𝐼
𝑆𝐴𝑚𝑘
  equation 1 
where EBR is the electric energy required to achieve 1 log removal,  6.40 x 10-4 is a 
conversion factor (1 h/3600 s, s/0.4343), Ecell is the average cell potential (V), I is the 
applied current (A), SAm is the surface area of the membrane, and k is the pseudo-first order 
rate constant (s-1). k was calculated by plotting equation 2 and determining the slope, which 
equals k  
ln (
𝐵𝑉𝑡
𝐵𝑉0
) =  −𝑘𝑡  equation 2 
where BVt equals the biovolume at time t, BV0 equals the initial biovolume (t= 0), and t 
equals time.  
 
5.3. Results and discussion 
5.3.1. Membrane characterization. Attachment of the CNT coating to the membrane 
surface resulted in a stark shift in the color of the surface, with the white control membrane 
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assuming the dark black coloration of CNTs once the buckypaper had been attached to the 
membrane surface (Figure 1A). Raman spectroscopy of the CNT-PVDF membranes 
(Figure 1B) revealed the characteristic D band (~1350 cm-1) and G band (~1600 cm-1), as 
well as the secondary D band (~2700 cm-1), peaks that are synonymous with CNTs 
(Maghsoumi et al., 2015), suggesting successful functionalization of the PVDF membrane. 
 
Figure 5.1. A) Unmodified PVDF (white) membrane and CNT-coated PVDF membrane 
(black). B) Raman spectroscopy of the CNT-coated PVDF membrane. The presence of D 
(~1350 cm-1; 2700 cm-1) and G peaks (~1600 cm-1) indicate successful functionalization 
of the PVDF membranes. 
 
5.3.2. Biofilm removal kinetics and proposed mechanisms. The reactor was given 72 h 
for biofilms to form, at which point a relatively thick biofilm (roughly 75 m) formed on 
the CNT-PVDF membrane coupon. An OCT image of the pristine membrane can be seen 
in Figure S2A. The fouled membrane with a biofilm grown on it can be seen as the 
heterogeneous green and blue structure in Figure S2B, with fuller and warmer colors 
representing more thickness. The thickness of the biofilm alters the OCT’s reading of the 
CNT-PVDF membrane, rendering the membrane a red and yellow color. As the biofilm is 
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removed, the OCT’s reading of the clean membrane returns to the original light, translucent 
green color of the pristine membrane. 
 During the cathodic membrane experiments, reduction reactions occurred at the 
membrane surface while, during the anodic trials, oxidation reactions took place. Dominant 
cathodic (1, 2) and anodic (3, 4) electrochemical reactions (Drogui et al., 2001; Marselli et 
al., 2003; Zeng et al., 2010). in pure water are: 
 
2H+ + 2e- → H2 (g)         (1) 
 
2H+ + 2e- + O2 → H2O2        (2) 
 
4OH- → O2 (g) + 2H2O + 4e-        (3) 
 
H2O → OH + H+ + e-         (4) 
When the CNT-coated membrane was made to be a cathode, experiments were run 
at four different current densities: 50 mA/cm2, 25 mA/cm2, 12.5 mA/cm2, and 6 mA/cm2. 
With the exception of the 6 mA/cm2 trials, each of these conditions yielded vigorous 
bubbling of H2 at the membrane surface (Dubey et al., 2010), resulting in rapid and full 
disruption of the biofilm (Figure 2). It is hypothesized that the bubbling of H2 gas is the 
driving force behind the removal of the biofilm by mechanically rupturing the bonds that 
attach the biofilm to the CNT surface. 
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Figure 5.2. 3D (top) and 2D (bottom) images of a fouled CNT-coated membrane prior to 
the commencement of electrochemical reactions (A; t= 0 min), and after 5 min (B) and 15 
min (C) of cathodic reactions at a current density of 12.5 mA/cm2. A cloud of dispersed 
biofilm can be seen floating above the membrane in panel B and, to a lesser degree, panel 
C. 
 
Gas evolution rates were particularly robust for the 50 mA/cm2 and 25 mA/cm2 
conditions, which saw nearly instantaneous and complete removal of the biofilm by 
achieving 93.0%  6.2% and 92.2%  6.9% removal, respectively, after 1 min of operation, 
and full removal after 2 min of operation (Figure 3). Though the 12.5 mA/cm2 condition 
lagged the performance of the 25 mA/cm2 and 50 mA/cm2 conditions, it too produced rapid 
and thorough cleaning, with 95.2%  4.2% of the biofilm removed after 8 min, and 
complete removal after 25 min. Performance tapered off notably at the 6 mA/cm2 
condition, with removal peaking at about 70% after ~10 min of operation. This is 
hypothesized to be a function of the less vigorous and widespread H2 bubbling, which 
results from the lower power input. The restriction of bubbling to certain domains was 
particularly relevant to the lower performance of this condition, as some membrane areas 
never experienced H2 gas evolution, even after 1 h of operation, resulting in a plateauing 
of biofilm removal after 10 min of operation.  
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Operation of the membrane as the anode produced starkly different results. The 25 
mA/cm2 and 50 mA/cm2 conditions, which generated the best results under anodic 
conditions, removed approximately 40% of the biofilm after 30 min of operation (38.4%  
27.3% and 38.4%  15.9%, respectively). Removal data are unavailable for the 45 min and 
60 min data points, as trials were terminated after 45 min due to destruction of the 
buckypaper. While the 12.5 mA/cm2 anodic trials were stable for the duration of the 
electrochemical cleaning, removal was a modest 30.2%  5.5% after 60 min. It is also 
worth mentioning that, due to the relatively poor biofilm removal achieved by the various 
anodic conditions, testing was also done at 100 mA/cm2. However, this condition resulted 
in a nearly instantaneous breakdown of the CNT coating (< 1 min). Therefore, 100 mA/cm2 
was not considered a viable current density. 
 
Figure 5.3. A) Biofilm removal when the CNT-coated membrane is operated as a 
cathode, at different current densities. B) Biofilm removal rates when the CNT-coated 
membrane is operated as an anode at different current densities. The 50 mA/cm2 and 25 
mA/cm2 anodic conditions failed to yield results beyond 30 min due to degradation of the 
CNT coating. Biovolume was measured via Image J v1.5 software. 
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It is hypothesized that the destruction of the CNT coating is due to the oxidation of 
the polyurethane binder. Polyurethane ([C17N2O4H16]n) contains aromatic carbons, -CH2- 
chains, and other reduced domains, indicating the potential for oxidation. Moreover, 
previous research has shown polyurethane to be prone to oxidation when exposed to a 
variety of oxidized environments (Singh et al., 2001; Chew et al., 2003; Stachelek et al., 
2006). Therefore, it is reasonable to believe that, under the highly oxidizing conditions at 
the anode, parts of the polyurethane binder may become oxidized, thus leaving the 
buckypaper susceptible to degradation.  
 
5.3.3. Energy consumption of various cathodic and anodic conditions. Removal 
kinetics (k) were determined using equation 2. The fastest removal kinetics were observed 
for the 50 mA/cm2 and 25 mA/cm2 cathodic conditions, k50mA/cm2,cat = 1.333 s-1 and 
k25mA/cm2,cat = 1.277 s-1, respectively. These removal kinetics were approximately 100x 
faster than those of the anodic conditions, which ranged between k= 0.0101 s-1 (50 mA/cm2) 
and k= 0.0153 s-1 (25 mA/cm2). Each of the k values is made available in Table S1. 
 Energy consumption calculations were done using equation 1 to determine the 
optimal operating conditions for energy-efficient biofilm removal. Cathodic biofilm 
removal was much more energy-efficient, under any current density, than the removal 
under anodic conditions, with the 25 mA/cm2 (1.06 x 10-3 kWh/m2 for 90% removal) and 
12.5 mA/cm2 (1.75 x 10-3 kWh/m2 for 90% removal) cathodic conditions offering the most 
efficient removal (Figure 4). This compares very favorably to the anodic conditions, which 
required an estimated 6.58 x 10-1 kWh/m2 (50 mA/cm2), 8.86 x 10-2 kWh/m2 (25 mA/cm2), 
and 3.44 x 10-2 kWh/m2 (12.5 mA/cm2) for 90% removal. 
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 The faster and more energy efficient biofilm disruption under cathodic conditions 
indicate that this regime is a more promising than an anodic cleaning. Specifically, the 25 
mA/cm2 cathodic condition offers a particularly compelling method for cleaning fouled 
membranes, as its k was a close second in terms of speed. At 1.06 x 10-3 kWh/m2 for 90% 
removal, it was also the most energy efficient option, requiring 40% less energy than the 
second most energy efficient condition, 12.5 mA/cm2 (1.75 x 10-3 kWh/m2).  
 
 
Figure 5.4. Energy efficiency of cathodic conditions for 1 log biovolume removal. The 
25 mA/cm2 condition had the lowest power requirement (1.06 x 10-3 kWh/m2) for both 
cathodic and anodic conditions. 
 
5.3.4. Implications for biofouling control. Fouling remains a critical challenge for 
membrane systems, including membrane distillation (MD), which was the membrane 
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support in this work. MD leverages the differences in vapor pressure between two streams 
of water (typically hot and cold waters) to transport water, as water vapor, through a 
hydrophobic porous membrane and generate clean water. MD shows promise for treatment 
of brines and other poor-quality, salty feed waters because its energy requirements are 
largely independent of salt concentration (Swaminathan et al., 2018). However, because 
MD has been proposed as a solution to desalinate low-quality brines such as RO reject, 
power plant blowdown, and produced water, it is susceptible to biological, organic, and 
inorganic fouling (Warsinger et al., 2015; Deshmukh et al., 2018). Biological and organic 
fouling of MD systems can lead to declines in membrane flux, as well as wetting of MD 
membranes, which allows for the passage of contaminants from the feed into the draw 
solution, thus hindering MD’s potential as a method to treat low-quality waters (Alkhudhiri 
et al., 2012; Warsinger et al., 2015). Though some MD systems will inhibit biofouling by 
nature of high operating temperatures, one economically and environmentally compelling 
form of MD systems are those that use latent heat (El-Bourawi et al., 2006). It is not 
uncommon for these latent-heat driven systems to operate at temperatures 40C , 
indicating mesophilic bacteria, which are commonly found in the environment, to be 
capable of growth (Olson et al., 2003; Malato et al., 2009; Alkhudhiri et al., 2012; Dow et 
al., 2016). Given the promise of MD as a niche treatment system for poor-quality brines, it 
is of the utmost importance to develop methods to protect the membrane from fouling. 
 Using electrochemical membrane coatings, membranes can be cleaned rapidly and, 
by our rudimentary analysis, in a cost-effective way. At the 25 mA/cm2 cathodic condition, 
and at a cost of $0.15 per kWh of electricity (Tyra, 2019), to achieve 99% cleaning of 
biofilm would cost $0.000318 per 1 m2 of membrane surface area. In comparison, in a case 
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study of chemical Clean-In-Place cleaning operations at the Orange County Water 
District’s groundwater replenishment system, Owens and Patel estimated the cost of 
cleaning RO modules at ~$0.409 per m2  (Owens and Patel, 2010). Although this cost 
comparison is simplistic and a more detailed technoeconomic analysis is required to 
quantify the advantages of electrochemical membrane cleaning, the ~1,300 times cheaper 
cleaning offered by the cathodic electrochemical surface clearly emphasizes the potential 
of new electrochemical membrane designs in competing with the current best practice for 
fouling control in the membrane industry. Given that such conductive coatings can be 
applied to a wide range of membrane systems, further research is also warranted to identify 
the optimal cleaning conditions for fouling control under more complex water chemistries. 
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PREAMBLE TO CHAPTER 6 
 
In Chapter 3, an attempt was made to slow rates of biofouling, as well as understand 
the surface properties with the largest impact on fouling rates.  Chapters 4 and 5 focused 
on an in situ cleaning process for biofouled membranes leveraging the reactions that occur 
in electrochemical cells. In Chapter 6, the inorganic fouling propensity of a nanophotonics-
enabled solar membrane distillation (NESMD) system was measured. Rather than 
attempting to mitigate fouling by generating a fouling resistant membrane or in situ 
cleaning process, this project aimed to understand the scaling behavior of the NESMD 
system.The NESMD membranes were coated in carbon black nanoparticles, which, when 
exposed to light, generate heat. A model brackish groundwater (~8,500 mg/L) was used as 
a feed water to the NESMD system and a traditional MD system. Rates of flux were 
measured, and spent membranes were analyzed by a scanning electron microscope and 
inductively coupled plasma mass spectroscopy.  
 
Question:  
Q4) In membrane distillation (MD), does localized heating at the water-membrane 
interface increase or decrease rates of inorganic fouling compared to heating of the 
entire feed water?  
 
Hypotheses: 
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H4) Localized heating at the membrane surface minimizes inorganic fouling because 
these systems operate with a lower bulk feed temperature, resulting in less salt 
precipitation. 
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Abstract 
This study compares the scaling behavior of traditional membrane distillation (MD) against 
that of nanophotonics-enabled solar membrane distillation (NESMD). NESMD uses 
membranes coated with photothermal carbon black nanoparticles to generate localized 
heating at the membrane surface upon illumination. Previous research has shown that 
NESMD technology is an energy-efficient system for off-grid desalination; however, there 
can be issues related to the scaling propensity of self-heating surfaces. In this work, bench-
scale experiments were performed using a model brackish groundwater to compare the 
scaling propensity between NESMD and MD. Membrane scaling analyses and equilibrium 
modeling of salt precipitation were used to study the changes in permeate flux decline. 
Scale formation was quantified using scanning electron microscopy coupled with energy 
dispersive X-ray spectroscopy as well as inductively coupled plasma optical emission 
spectrometry. The results showed NESMD to be highly resistant to scaling; a salt 
concentration factor (c/c0; the multiplier of the initial salt concentration) was achieved in 
NESMD that was six times the concentration factor of MD without any significant decline 
in flux. Equilibrium modeling indicated modestly less salt precipitation due to the lower 
bulk feed water temperature in NESMD. Analyses of the scaling layer on the NESMD 
membrane also reveal that, even at higher water recovery levels, the deposition of salt on 
the membrane surface in NESMD was approximately a quarter of that observed in MD. 
The mitigation of scaling in the NESMD is attributed to its lower operating temperature, 
which increases the solubility of common scalants (e.g. calcite) and decreases the kinetic 
rates of salt precipitation on the membrane. To test the hypothesis of slower reaction 
kinetics, a study of precipitation kinetics at the ambient (22C) and heated (62C) 
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conditions was conducted. These results revealed notably faster precipitation kinetics in 
the heated conditions (k= 8.678 × 10-2 s-1) when compared to the ambient temperature 
conditions (k= 7.087 × 10-3 s-1), indicating the slower precipitation kinetics at lower 
temperatures play a key role in the NESMD’s ability to resist scaling. The results of this 
study demonstrate a distinct advantage of NESMD for the treatment of brackish water, 
where mineral scaling may be a critical barrier to achieving higher recovery.  
 108 
6.1. Introduction 
The World Health Organization estimates that at least 1.8 billion people lack reliable access 
to water safe for human consumption (UN-Water, 2015). While the number of people with 
access to safe water has increased substantially since 1990, progress has lagged in rural 
areas, as poverty, pollution, competition with agricultural uses, and lack of infrastructure 
have impeded progress in delivering water to locations outside of metropolitan areas 
(WHO/UNICEF, 2015; Dos Santos et al., 2017; Roche and Blanchard, 2018). Therefore, 
in many rural scenarios, decentralized systems provide a more effective approach to 
quickly bring clean water to these areas (Mintz et al., 2001).  
Off-grid, solar-powered infrastructure is an avenue for decentralized water 
treatment since sunlight is a free and easily accessible source of energy (Kain et al., 2017; 
Kazem et al., 2017). For example, solar disinfection is a simple and effective way to 
remove pathogens from water (McGuigan et al., 2012). When combined with 
photocatalytic materials, solar energy can also lead to the degradation of a wide range of 
contaminants and pathogens (Malato et al., 2009; Mauter et al., 2018). More recently, solar 
heat was used in atmospheric water generators to release water captured from the 
atmosphere by metal organic frameworks (Kim et al., 2018). These solar-based 
technologies can be deployed in most regions around the world, making them ideal systems 
for remote areas where grid-sources of energy are less available. 
Of particular interest is solar desalination, which offers a potential solution to 
freshwater scarcity by providing an off-grid method to treat non-traditional water sources, 
such as brackish groundwater, for domestic use. Alternatively, it can be employed as a way 
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to recycle wastewater in rural, arid areas, thus lessening the demand for limited freshwater 
sources, which can be maintained for local populaces. One example of wastewater 
recycling lessening the burden on local freshwater supplies is in the energy sector, where 
produced water generated from oil and gas wells in rural areas, such as West Texas and 
China’s Sichuan Basin, is recycled and used in hydraulic fracking (Scanlon et al., 2017; 
Zou et al., 2018). Simple solar stills have been used to desalinate water for centuries; 
however, improved desalination performance can be obtained by coupling solar energy 
with modern desalination technologies, such as reverse osmosis (RO), 
humidifiers/dehumidifiers, and distillation systems (Shatat et al., 2013). Dongare et al. 
demonstrated that nanophotonics-enabled solar membrane distillation (NESMD), which 
uses membranes coated with carbon-black nanoparticles (CB NPs), can treat saline water 
with higher energy efficiency than conventional membrane distillation (MD) (Dongare et 
al., 2017). The CB coating converts sunlight directly to heat at the membrane interface, 
which drives the volatilization and diffusion of water through the hydrophobic porous 
support, even if the bulk of the feed water is at ambient temperature. This localized heating 
greatly reduced the energy cost of desalination in NESMD compared to conventional MD 
processes (Ding et al., 2005).  
 An inherent advantage of MD is that the energy requirements are largely 
independent of salt concentrations, making it an attractive option for high salinity waters 
(Deshmukh et al., 2018; Swaminathan et al., 2018). Consequently, MD was explored for 
the treatment of RO reject, hypersaline seawater brines, produced water, and powerplant 
wastewater (Martinetti et al., 2009; Dow et al., 2016; Du et al., 2018; Ghaleni et al., 2018). 
However, MD systems often fail to reach their potential as a high salinity water treatment 
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system since they are prone to rapid mineral scaling, which leads to fouled membranes and 
damaged systems (Gryta, 2005; Martinetti et al., 2009; Dow et al., 2016). Reducing 
inorganic fouling in MD systems is essential to increase the applicability of MD for 
challenging waters with high scaling potential, such as brackish water or produced water 
(Li et al., 2014).  
 Previous studies have shown that higher surface temperatures are associated with 
increased rates of scale formation and higher deposited mass of inorganic foulants (Hasson 
and Zahavi, 1970; Turner and Smith, 1998). This raises important questions regarding the 
scaling behavior in NESMD. The localized heating of the CB-PVDF membranes, which is 
central to the energy efficiency of NESMD, can also be hypothesized to locally accelerate 
scale formation and limit its performance in high scaling potential water. Scaling can occur 
through two different nucleation events once the solution becomes supersaturated: 
homogeneous nucleation, where crystals are formed in the bulk phase, and heterogeneous 
nucleation, in which nucleation sites on surfaces facilitate crystal formation (Oxtoby, 
1992). Both processes are highly dependent on solution saturation and water temperature. 
Because heterogeneous nucleation occurs more quickly and at lower concentrations than 
homogenous nucleation, heterogeneous nucleation typically drives scale formation in 
water treatment systems (Liu, 2000; Benecke et al., 2018). Therefore, to identify the most 
promising areas of applications of NESMD and its potential limitations in different waters, 
the scaling behavior of self-heating surfaces must be better understood.  
In the present study, we investigated the scaling behavior of NESMD and compared 
it to that of conventional MD in order to better understand the applicability of NESMD for 
waters with high scaling potentials. Using a model brackish water, inorganic fouling in 
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NESMD and MD was evaluated by comparing flux declines and conducting membrane 
autopsies for mineral scaling. Our findings indicate that, due to the lower feed water 
temperature in NESMD, inorganic fouling is reduced and flux can be maintained despite 
the rising salt concentration. These results strengthen the applicability of NESMD for off-
grid desalination of brackish water. 
6.2. Materials and Methods 
6.2.1. Membrane Modification and Characterization. Membranes (D2OSXXM, 
Fluorodyne II 0.2 µm polyvinylidene fluoride (PVDF) were provided by Pall (Port 
Washington, NY) and functionalized with CB NPs by spray-coating in a procedure adapted 
from Dongare et al. (Dongare et al., 2017) Spray coating solutions were prepared by 
dissolving Poly(vinyl alcohol), N-methyl-4(4’-formylstyryl)pyridinium methosulfate 
acetal (PVA-SbQ) in ethanol at a concentration of 0.125 wt% and CB NP at a concentration 
of 0.3 wt%. Solutions were bath sonicated at 35 W for 15 min. Solutions were spray coated 
onto the PVDF membrane surface using a Temptu Pro Air Compressor Airbrush set to 
maximum air pressure. The airbrush was held approximately 15 cm from the membrane 
surface and moved by hand at a steady pace until the entire membrane was covered in a 
single layer. The spray coating was then repeated until the coating was 15 layers deep. The 
spray coated membrane was then placed in direct sunlight for 1 h to crosslink SbQ-PVA. 
After fabrication, surface hydrophilicity, surface free energy, streaming potential, and 
surface roughness were characterized for both control PVDF and CB-coated membranes. 
Fourier transform infrared spectroscopy (FTIR) analyses were performed on a Bruker 
IFS66V/S FTIR system equipped with an MCT standard detector and a KBr beam splitter 
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with a Diamond Attenuated Total Reflectance (ATR) module (Figure S3). Details of the 
membrane characterization are provided in the SI. 
6.2.2. MD and NESMD experiments. Bench-scale experiments were realized using 
custom MD or NESMD systems. In MD, feed water was delivered at a rate of 0.8 L/min, 
a superficial velocity (f) of 10.6 cm/s, and a temperature of 62C, while the distillate side 
was kept at 22C (T=40C). The feed and distillate temperatures were kept constant by 
recirculating the water through glass coils placed in a hot or cold water bath, respectively. 
Covers were put on both the feed and draw reservoirs to prevent evaporation, and a Conwed 
Plastics (Minneapolis, MN) feed spacer (34 mils) was used in the membrane module. 
Nanopure water was used for the distillate side while a synthetic salt solution, modeled 
after the brackish groundwater of the Southwestern United States (Table S1), was used as 
feed water. A stir bar at 125 rpm was used in the feed water reservoir. For NESMD 
experiments, the hot water bath was replaced by simulated solar light delivered by an 
ABET Technologies LS 150 Xenon Arc lamp (Milford, CT). The lamp was operated with 
a solar intensity of 2.8 suns, which was measured by a Thorlabs PM100D energy meter 
(Lubeck, Germany). This resulted in a membrane temperature of 30.7C  0.3C, as 
measured by a Proster digital thermocouple (Miller Place, NY). The membrane cell used 
for NESMD included a quartz window to allow the light to reach the membrane surface 
(Figure S1). Feed water was delivered by a CeramPump FMI QG50 pump (Syosset, NY) 
at a flowrate of 5 mL/min (f of 0.21 cm/s) and recirculated via the feed reservoir, which 
had a stir bar operating at 125 rpm (Dongare et al., 2017). The feed and draw reservoirs of 
both the MD and NESMD system were covered to prevent evaporation, and a Conwed 
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Plastics feed spacer (19 mils) was added to the membrane module. During the T=10C 
(feed and distillate temperatures of 32C and 22C, respectively) NESMD experiments, a 
hotplate was used to heat the feed. Spent membranes from both the MD and NESMD were 
dried and stored until analyzed. Further details of the experimental systems can be found 
in the SI. 
 NESMD experiments were conducted exclusively with the CB-PVDF membranes 
and are denoted as NESMD CB-PVDF (T=0). The NESMD experiments where the bulk 
feed water temperature is increased by 10C are denoted as NESMD CB-PVDF (T=10). 
For the MD conditions, these experiments were run with both PVDF and CB-PVDF 
membranes. This was done to control for differences in the surface properties of the CB-
coated membranes used in the NESMD conditions. These experiments are denoted as MD 
PVDF (T=40) and MD CB-PVDF (T=40), respectively.  
 The concentration polarization factor () (Howe et al., 2012), an indicator of the 
increase in concentration at the membrane interface compared to the feed concentration, 
was calculated for the MD and NESMD operating conditions using Equation 1, where Jw 
and kCP are the transmembrane water flux and the concentration polarization mass transfer 
coefficient, respectively. 
𝛽 =  𝑒𝐽𝑤/𝑘𝐶𝑃     (1) 
The kCP coefficient is calculated according to Equation 2 
𝑘𝐶𝑃 = (
𝐷𝐿
𝑑𝐻
)(𝑅𝑒)0.5(𝑆𝑐)1/3   (2) 
where  is an empirical parameter for spacers (0.47), and the hydraulic diameter (dH) is 
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𝑑𝐻 =
4(𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑙𝑜𝑤 𝑐ℎ𝑎𝑛𝑛𝑒𝑙)
𝑤𝑒𝑡𝑡𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=  
4𝑤ℎ
2𝑤+2ℎ
  (3) 
The Reynolds number (Re) is calculated using the feed water density (; g/cm3), the 
velocity of the water in the feed channel (; cm/s), and the feed water dynamic viscosity 
(; g/cm-s) according to 
𝑅𝑒 =  
𝜌𝜈𝑑𝐻
𝜇
   (4) 
and the Schmidt number (Sc) is obtained as 
𝑆𝑐 =
𝜇
𝜌𝐷𝐿
  (5) 
The diffusion coefficient for a solute in water (DL) is a constant dependent on the solute 
(7.92 x 10-6 cm2/s for Ca+2) (Ander et al., 1979).  
6.2.3. Equilibrium precipitation modeling. The change in water chemistry during MD or 
NESMD treatments was investigated using PHREEQCI software (Charlton et al, 1997). 
The nature and concentrations of the precipitated species expected at feed water 
concentration of 1, 1.5, 2, 3, 4, 5, and 6 times the initial water composition (detailed in 
Table S1) were obtained by equilibrium modeling at temperatures of 22oC (room 
temperature) and 62oC (for a T = 40C). The detailed precipitated concentration for each 
species is reported in Table S2. 
6.2.4. Fouled membrane characterization. Morphology and elemental analysis of fouled 
membranes was evaluated using scanning electron microscopy (SEM) (ESEM-FEG XL-
30, Philips Hitachi SU-70, Hillsboro, OR) equipped with a Genesis Energy dispersive X-
ray spectroscopy (EDAX) detector (AMETEK, Berwyn, PA). SEM samples (1 cm2) were 
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sputter-coated with gold and platinum. Inductively coupled plasma optical emission 
spectrometry (ICP-OES) analysis was conducted on a Thermo Fischer iCAP 6300 Series 
ICP-OES (Waltham, MA). Membrane coupons were digested in trace metal grade nitric 
acid (67-70%) before being diluted 10x prior to the trials in the ICP-OES. 
6.2.5. Precipitation kinetics experiments. Precipitation kinetics were measured via the 
decline in conductivity of the synthetic salt solution. A Thermo Scientific (Waltham, MA) 
Versa Star conductivity meter was used to measure changes in conductivity. Measurements 
were taken every 3 s. The salt solution was prepared as in the other experiments, with extra 
effort taken to add each of the stock salts at the same time. A stir bar spinning at 125 rpm 
was included in the reactor to ensure mixing. Trials were conducted at 22C and 62C. For 
the heated trials, bottled stock salt solutions, as well as a bottle of DI water, was placed in 
an oven for 4 h to reach a temperature of 62C. The salts were then quickly added to a flask 
on hotplate that maintained the 62C temperature throughout the duration of the trial. 
Kinetics were calculated according to 
ln (
𝐶𝑡
𝐶0
) =  −𝑘𝑡 (6) 
 
6.3. Results and Discussion 
6.3.1. Membrane characterization and modification. The membrane functionalization 
with CB NPs, which was visible as a homogeneous black coating on the membrane (Figure 
1A), increased the hydrophilicity of the membrane due to the use of PVA-SbQ in the CB 
spray-coating process. The water contact angle of the CB-PVDF membrane was 55.1  
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7.0, compared to 101.2  10.9 for the PVDF control. Accordingly, the surface free 
energy of the CB-PVDF membrane was significantly higher (42 mN/m  0.25 mN/m; p < 
0.05) than the PVDF control (22 mN/m  0.15 mN/m) (Figure 1B). Functionalization did 
not significantly alter surface roughness, with a root mean square (RMS) value of 228 nm 
 63.7 nm for the PVDF-CB membrane and 233.8 nm  18.6 nm for the PVDF membrane 
(Figure 1C). Zeta potential revealed that the CB coating reduced the negative charge of the 
membrane (Figure 1D). This change can be attributed to the positive charge of the PVA-
SbQ used in the coating (Bai et al., 2015).  
 
Figure 6.1. Physical properties of PVDF and CB-PVDF membranes. (A) Pictures of the 
PVDF and CB-PVDF membranes, (B) Surface free energy and water contact angle (n=5), 
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(C) surface roughness (RMS) measured by AFM (n=5), and (D) streaming zeta potential, 
measured over a range of pH values using a 5 mM KCl and 0.1 mM HCO3 electrolyte 
solution (n=3). Data measured at pH below 7 for the PVDF-CB membranes yielded zeta 
potentials of 0 and were not considered on this graph. Statistical difference was determined 
via a Student’s t-test, with p-values less than 0.05 considered to be significant. 
 
6.3.2. Performance of MD and NESMD systems. Bench scale MD experiments treating 
a model brackish water were run using a T of 40C between the feed water (62C) and 
the distillate side (22C). This temperature difference represents a midpoint of operating 
conditions in MD, in which feed water temperature can range between 30C  and 90C 
(Alklaibi and Lior, 2005; Tong and Elimelech, 2016). Under these operating conditions, 
the water flux initially held steady at ~45 LMH despite the high scaling potential of the 
water (Langelier Saturation Index of 2.0). However, when the salt concentration reached a 
concentration factor, c/c0, of ~1.25 (i.e., 25% higher than the initial salt concentration), the 
water flux began to decrease rapidly until a c/c0 of 2, at which point the water flux was 
nearly completely inhibited (Figure 2A). The steep decline in flux can be attributed to 
inorganic fouling on the membrane, which has been previously shown in MD to block 
membrane pores and prevent the passage of water across the membrane (Warsinger et al., 
2015). Conversely, the NESMD system, which operates at the same bulk temperature for 
the feed and draw solutions, and where flux is driven by the photothermal CB coating on 
the membrane, showed no flux decline throughout the experiment up to a c/c0 of 6 (Figure 
2A). Therefore, our results demonstrate that, contrary to our initial hypothesis, the self-
heating surface of the illuminated CB-PVDF membrane does not accelerate membrane 
scaling and that higher salt concentrations could be reached without any significant impact 
on the distillate flux in NESMD.  
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Figure 6.2. Flux behaviors in MD and NESMD treating a model brackish water. (A) 
Normalized water flux in NESMD, MD, and MD using CB NPs-coated membranes. (B) 
Normalized water flux in MD and NESMD mode, using CB NPs-coated membranes, when 
both systems are operated at a bulk feed temperature of 32C (T=10C). No membrane 
wetting was observed in any of experiments, as shown by the decreasing conductivity in 
the distillate (see Figure S2). Flux was normalized to the initial flux value and may fluctuate 
above unity as the system reaches steady-state conditions under solar irradiation. 
 
The different surface properties of the CB-PVDF membrane compared to the PVDF 
membrane may contribute to the scaling mitigation in NESMD, as it is known that scaling 
in membrane processes is highly influenced by the surface characteristics of the membrane 
(Guo et al., 2012; Tong et al., 2017). To control for differences in the surface properties of 
the different membranes, MD trials using a T of 40C were conducted with both the 
PVDF and CB-PVDF membranes. The flux declines generally behaved similarly, with 
declines in flux occurring shortly after the start of the trial, and fluxes arresting at a c/c0 of 
around 2. The trials featuring CB-PVDF membranes appear to slightly resist the initial rate 
of flux decline, but any resistance is ephemeral, as the water flux in MD was less than 10% 
of the initial flux regardless of which membrane was used, and, for both membranes, the 
flux ceased by the time c/c0 reached 2. These results demonstrate that the properties of the 
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CB-PVDF membranes had little to no influence on scaling resistance of the NESMD 
system. 
Also of note is that both the feed channel crossflow velocity and the water flux were 
lower in NESMD system than in the traditional MD system. Indeed, the NESMD system 
requires the feed water to reside in the membrane module long enough to be heated to the 
point where transmembrane permeate is generated (Dongare et al., 2017). For this reason, 
the NESMD system was operated at a crossflow velocity of 0.21 cm/s, 2% of that in the 
MD system (10.6 cm/s). The flux of NESMD system was also substantially lower, at 0.76 
LMH. Since differences in water flux and cross-flow velocities both influence 
concentration polarization and, therefore, salt precipitation at the membrane surface, the 
concentration polarization factor β, which measures the buildup of salinity at a membrane 
surface, was calculated to understand how the different operating conditions may influence 
membrane fouling. Taking into account the differences in water flux (Jw,MD40C= 4.3 
cm3/cm2/hr; Jw,NESMD= 0.076 cm3/cm2/hr) and cross-flow velocities (f, MD40C= 10.6 cm/s; 
f, NESMD= 0.21 cm/s), the NESMD system operated at a lower concentration polarization 
factor (β=1.05) compared to MD (β=1.88) (Howe et al., 2012). The higher  β value would 
suggest, based on the flow regimes between the two systems, that more fouling would 
occur in MD than in NESMD due to higher salt concentration at the membrane interface. 
To measure what role the lower  the NESMD played the system’s ability to resist the 
crash in flux, a set of 40C MD experiments were conducted where the  was made to 
equal that of the  in the NESMD trials (β=1.05). These experiments demonstrated that a 
lower  does extend the point at which a crash occurs, with the point of zero flux rising 
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from a c/c0 of 2 to 3 (Figure S4). Therefore, since the NESMD system reached a c/c0 of 6 
without crashing, it can be inferred that while the lower  of the NESMD trials does reduce 
the propensity of the membrane to foul, its impact is limited and does not fully explain the 
ability of the NESMD system to resist fouling and the ensuing crash in flux.  
Though the feed crossflow velocity (f) is a component of the  calculation, it is 
another fluid dynamic characteristic to take into consideration. To discern if f alone had 
an impact on the flux decline, a set of MD PVDF (T=40C) and MD CB-PVDF 
(T=40C) trials were run at a similar feed crossflow velocity (f= 0.3 cm/s). These slow 
crossflow velocity trials showed very similar flux decline curves (Figure S5) to those 
obtained during the regular crossflow velocity (f, MD40C= 10.6 cm/s) MD PVDF 
(T=40C) and MD CB-PVDF (T=40C) trials, indicating the variance in crossflow 
velocity did not have a meaningful impact on the NESMD CB-PVDF (T=0C)’s system 
to resist the flux decline. 
 
6.3.3. Effect of feed water temperature on scale formation. We postulate that the 
difference in feed water temperature between NESMD, which operates at a bulk feed 
temperature equal to the distillate side, and conventional MD, where the feed water is 
heated, largely explains the discrepancy in scaling behavior between the two systems. 
Indeed, higher feed temperatures can decrease the solubility of some inorganic species and 
accelerate scaling (e.g. calcite). To test the effect of bulk feed temperature, MD and 
NESMD experiments were conducted at the same temperature difference of T=10C 
(Figure 2B). At this temperature, with or without the photothermal effect of the PVDF-CB 
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membrane, distillate flux remained steady in both MD and NESMD up to a c/c0 of 6. These 
results suggest that bulk feed temperature is the determining factor for scaling in MD and 
NESMD. 
To understand how feed water temperature influences the scaling propensity, 
equilibrium concentration modeling was performed to predict the concentration of 
insoluble (precipitated) minerals (Figure 3). Based on these results, salt precipitation was 
expected in both MD and NESMD. For both systems, the main precipitating species were 
calcite (CaCO3) and gypsum (CaSO4·2H2O), with a modest amount of dolomite 
(CaMg(CO3)2) present at higher salt concentration factors. In the conventional MD system, 
which operates with a feed temperature of 62C (T=40C), equilibrium modeling predicts 
calcite to be the predominant scale for a c/c0 less than 2.5. For MD with a c/c0 greater than 
2.5, which was not performed experimentally because of the complete flux inhibition, 
gypsum and calcite would dominate the precipitate, along with minor dolomite 
contribution. For the NESMD system with a feed temperature of 22C (T=0C), scaling 
is predicted to be predominantly calcite precipitation for c/c0 less than 2.5 and 
predominantly gypsum precipitation for c/c0 greater than 2.5. The equilibrium modeling 
projects that, for c/c0 greater than 2.5, the NESMD system will have slightly less 
precipitation than the conventional MD system due to the lower bulk feed temperature.    
 122 
  
Figure 6.3. Equilibrium modeling of precipitated species for the brackish water at two 
different temperatures, 22C (NESMD, T=0C) and 62C (MD, T=40C) and as a 
function of concentration factor (c /c0). Precipitated solid concentrations were calculated 
using PHREEQCI. Calculated precipitation concentrations are provided in Table S2. 
 
6.3.4. Fouled membrane characterization. To corroborate the equilibrium modeling 
results, coupons of fouled membranes were analyzed using SEM, EDAX, and ICP-OES. 
SEM and EDAX revealed significant scaling of membranes during traditional MD (Figure 
4C and 4D), while the scale deposits were sparse on spent membranes from the NESMD 
(Figure 4F). The MD CB-PVDF (T=10C) trials with the CB NP-coated membranes 
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(Figure 4E) also had little fouling, though it appeared to be higher than the NESMD 
conditions. The SEM images of the T=40C membranes showed robust scaling 
characterized with the distinctive needle-like and cube-like structures associated with 
gypsum and calcite, respectively. This suggests that local conditions at different regions of 
the membrane surface may influence the form of calcium scale present. This can be 
partially explained by the water chemistry at the point when the T=40C trials were 
stopped (i.e., at c/c0 of 2) since, at this concentration factor, both calcite and gypsum were 
predicted by equilibrium modeling to have similar insoluble concentrations. 
 
Figure 6.4. SEM micrographs (top) and EDAX spectra (bottom) of the pristine PVDF (A) 
and CB-PVDF (B) membranes, fouled PVDF membrane after operated in MD at T=40C 
(C), fouled CB-PVDF membranes after operated in MD at T=40C (D), and fouled CB-
PVDF membranes after operated in MD at T=10C (E) and T=40C (F).  
 
ICP-OES analyses further confirm these findings, as membranes used in MD 
conditions had much higher deposited salt concentrations than the membranes used in 
NESMD (Table 1). Calcium scale (calcite, gypsum) was found in high concentrations on 
the spent membranes used in traditional MD, while the CB-PVDF membranes used in 
NESMD had ~75% less deposited calcium despite reaching three times the concentration 
factor of the MD experiments. This significant difference is in agreement with the high 
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flux stability observed during the membrane experiments (Figure 2); however, the 
difference in scale deposition between the two conditions is also much higher than what 
would be suggested by the equilibrium modeling (Figure 3).  
 
Table 1: ICP-OES analysis of calcium and magnesium deposits on spent membranes. Five 
coupons of 2.54 cm in diameter each were digested in HNO3 prior to being analyzed by 
ICP-OES. Significant differences were determined by using ANOVA followed by a Tukey 
post-hoc test with α < 0.05. Statistically significant differences between samples were 
indicated using different letters in the figures. 
 
Membrane 
Sample 
c/c0 reached Calcium 
(mg/cm2) 
Magnesium 
(mg/cm2) 
MD PVDF 
(T=40C) 
2  21.73a  9.59 0.19 c  0.11 
MD CB-PVDF 
(T=40C) 
2 17.05a  8.28 0.16 c  0.07 
NESMD CB-
PVDF (T=0C) 
6  5.27b  2.73 0.16 c   0.18 
 
6.3.5. Mechanisms and implications for self-heating MD. In membrane systems, 
heterogeneous nucleation is typically thought to be the dominant pathway for salt 
crystallization, particularly at cooler temperatures (Amor et al., 2004; Tong et al., 2017). 
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Heterogeneous nucleation is driven by nucleation on defects and surfaces rather than in the 
bulk phase, which lowers the energy barrier for nucleation (Srolovitz et al., 1988). 
Therefore, in NESMD, where the membrane is locally heated but the bulk of the water is 
at lower temperature, preferential nucleation on the photothermal layer was expected. 
However, our results demonstrate that scaling is lower in NESMD compared to 
conventional MD systems. 
The main factor contributing to the scaling resistance in NESMD appears to be the 
system’s lower operating temperature. This conclusion is emphasized by the stable flux 
when the two systems are operated at a T=10C. Calcite and gypsum, two common forms 
of scale, exhibit retrograde solubility (Hasson et al., 1970; Moller, 1988; Turner et al., 
1998; Tijing et al., 2011). Therefore, the lower operating temperature of NESMD system 
likely permits these common scalants to remain dissolved in the bulk solution at higher 
concentration factors than in traditional MD systems. This lower bulk temperature results 
in less calcium salt precipitation and thus less deposition on the membrane, which allows 
the NESMD system to continue to operate beyond the point where the traditional MD 
system would be completely impaired by scaling. 
While the modeling supports the aforementioned hypothesis, it also suggests an 
impact that would be too modest to explain the stark differences in performance between 
the NESMD (T=0C) and MD (T=40C) systems. Therefore, we postulate that the 
kinetics of salt crystallization also play a role. Previous work with calcite and gypsum 
precipitation demonstrated that increasing the temperature reduces the induction time of 
salt formation to a significant degree, thereby increasing the rate at which salts precipitate 
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out of the solution. Past work by Rodriguez-Blanco et al. and Ogino et al. estimate that the 
kinetics of calcite formation would be roughly 25 times faster at 62C (MD conditions) 
than at 22C (NESMD conditions) (Ogino et al., 1990; Rodriguez-Blanco et al., 2011). 
Similarly, previous works by He et al. and Prisciandaro et al. estimate the induction times 
of gypsum nucleation would be somewhere on the order 2.5 to 10 times faster at 62C 
compared to 22C (He et al., 1994; Prisciandaro et al., 2001). While factors such as pH and 
the profile of total dissolved solids can influence the exact differences in precipitation rates, 
temperature clearly accelerates the kinetics. This kinetic component is not taken into 
account in the equilibrium models and may explain why the model severely underestimated 
the ability of the NESMD system to better resist scale compared to the T=40C system. 
To quantify the difference in precipitation rates between the two temperatures, 
precipitation kinetics experiments were conducted by measuring the change in salinity over 
time at 22C and 62C (Figure 5). The initial decline in salinity, which corresponds to 
precipitation (Fotland et al., 1993), was approximately 12 times faster at 62C (k= 8.678 x 
10-2 s-1) when compared to the 22C condition (k= 7.087 x 10-3 s-1). These results support 
the hypothesis that the faster precipitation kinetics of the heated salt solution are the 
mechanism driving the membrane clogging and flux decline observed in MD. In 
comparison, the cooler feed water in NESMD slows down precipitation, which result in 
lower scale deposition on the membrane. 
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Figure 6.5. Decrease in conductivity over time at 22C (black square) and 62C (red 
circle). Measurements were taken over 3 s intervals. Under both conditions, after 
approximately 30 s the change in conductivity plateaued and held steady for the duration 
of the experiment (~2 h).  Trials were done in sets of 5 (n=5) and normalized to the 
conductivity (16.878 mS/cm) corresponding to the solution salinity (8,439 mg/L). 
 
The scaling resistance of the NESMD system offers a potential solution to a 
fundamental weakness of traditional MD by limiting the degree of membrane clogging 
from scalants. Avoiding rapid scaling of membranes would increase the feasibility of 
employing MD in real world situations as a way to desalinate water, including high-salinity 
brines. In this study, we demonstrate how scaling can be reduced by providing localized 
surface heating to drive permeation in MD systems. The sunlight-powered nature of 
NESMD is an energy efficient approach to provide this self-heating surface; however, 
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several other alternatives to CB NPs for self-heating coatings have been proposed recently. 
Wu et al. developed a polydopamine-based surface coating for localized surface heating in 
a similar solar MD configuration (Wu et al., 2018). Dudchenko et al. used Joule heating 
enabled by a carbonnanotubes to generate localized heating for MD desalination 
applications (Dudchenko et al., 2017), while Alsaati and Marconnet used a flexible silicon 
heater for surface heating on MD membranes (Alsaati et al., 2018). These different studies 
all used model saline water (NaCl only) where scaling was not a factor. However, the 
scaling resistance evidenced in this study would likely apply to these membrane designs as 
well. Therefore, our results highlight the potential of NESMD and similar novel self-
heating membranes for improving the performance of MD processes for the desalination 
of high salinity, high scaling potential waters such as brackish water, produced water, or in 
zero-liquid discharge applications. Future research would do well to focus on increasing 
the flux of the NESMD system, as the low flux, and subsequent large footprint, is a hurdle 
to its implementation in treating high volumes of water.  
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 
 
7.1. Conclusions. Fouling, be it microbial, organic, or inorganic, has a significant impact 
on water treatment and infrastructure, and it is reasonable to expect foulants to remain a 
challenge, particularly as humanity increasingly turns to non-traditional sources of water 
to meet growing demand. This need to address fouling, especially in the context of 
membranes, which are often employed to treat non-traditional source waters, motivated 
this thesis. 
A comparison of several parameters associated with biofouling rates (surface 
charge, roughness, hydrophilicity, and surface free energy) determined that surface free 
energy (SFE) had the largest impact on whether a material was anti-adhesive to bacteria. 
SFE, which describes the increase in free energy required to form a surface, is a product of 
the DLVO theory. The DLVO theory explains the behavior of molecules in water through 
electrostatic interactions arising from counterion double layers and Lifshitz van der Waals 
forces, which describe non-pairwise additive dipole molecular interactions. Previous 
research has determined that under conditions where the foulant and surface have similar 
SFE values, conditions are not conducive to adhesion, thus resulting in an anti-adhesive 
material. Biocidal materials, particularly those that are potent and contribute to an anti-
adhesive SFE value, such as silver, were found to have an outsized impact on influencing 
a material’s ability to resist biofouling. Therefore, design of fouling-resistant materials 
should prioritize an approach that combines an anti-adhesive SFE value with a biocidal 
coating.  
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While SFE and biocidal compounds can be employed to confer a degree of fouling 
resistance, biofouling, at least to some degree, will occur in most environmental systems. 
In order to mitigate the impact of these inevitable biofilms, an active, targeted, in-situ 
approach, which leverages the reactions of an electrochemical cell, was found to effectively 
clean fouled surfaces. Biofilms grown on born doped diamond plates were shown to be 
removed by anodic reactions. These proof of concept experiments motivated the testing of 
electrochemically active membranes composed of a CNT coating attached to a PVDF 
membrane. Biofilms were grown on the CNT-functionalized membranes, which were 
operated at various current densities, with the membrane acting as an anode for some trials, 
and as a cathode for others. While the anodic membranes failed to generate meaningful 
biofilm disruption, and even led to destruction of the CNT coating, the cathodic conditions 
provided rapid dispersal of biofilms at current densities of 50 mA/cm2, 25 mA/cm2, and 
12.5 mA/cm2. Cleaning appeared to be driven by vigorous H2 bubbling, which displaces 
the biofilm from the membrane surface. Ruptured biofilm fragments are ejected into the 
water column, resulting in 99% biofilm removal after 2 min at the 50 mA/cm2 and 25 
mA/cm2 conditions, and less than 20 min at the 12.5 mA/cm2 condition. Rudimentary cost 
analysis, based primarily on electricity requirements, indicate the electrochemical 
approach may be capable of achieving a similar degree of membrane cleaning at a fraction 
of the cost of current best practices. 
 Scaling, or inorganic fouling, another common form of fouling in environmental 
systems, was studied in a traditional membrane distillation (MD) system and a novel 
nanophotonics enabled solar membrane distillation (NESMD) system. These systems 
treated a synthetic salt solution of 8,439 TDS that was modeled after the brackish 
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groundwater of the Southwestern United States. The MD system, which contained a 
feedwater heated to 62C, was prone to membrane scaling. At a c/c0 1.25, flux rates began 
to fall, and by a c/c0 of 2x flux had dropped to essentially zero. The NESMD system, which 
was operated at room temperature, exhibited no flux decline despite reaching a cp/c0 of 6, 
and SEM and ICP-OES analysis of the NESMD and MD membranes confirmed little salt 
deposits on the NESMD membranes, while significant salt deposits were found to be on 
the MD membranes. Membrane clogging is a common problem in MD systems, as 
common scalants, including gypsum (CaSO4) and calcite (CaCO3), exhibit reverse 
solubility, resulting in lower solubility at higher temperatures, so the ability of the NESMD 
to resist scaling represents an important step forward in NESMD technologies. Modeling 
of the water chemistries suggests that, while reverse solubility plays a role, reaction 
kinetics, which increase at higher temperatures, are the driving force behind the accelerated 
rates of fouling on the MD system. Precipitation kinetics experiments further confirmed 
the importance of temperature on reaction rates. 
 
7.2. Suggestions for future work. Fouling remains a significant challenge in water 
treatment and distribution systems, and there are a number of fouling-related issues 
explored in this dissertation worthy of further investigation: 
 -The development of long-lasting antimicrobial coatings that can either impart an ideal 
surface free energy (SFE), or that can be integrated onto ideal SFE materials without 
significantly altering the SFE, would represent a major step forward in bringing these 
technologies to market. 
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-A number of performance metrics of electrochemically-active membranes should be 
investigated, including, but not limited to: flux, flux recovery, rejection, and tolerance to 
repeated cleaning cycles. 
-Researchers should improve upon the efficiency and flux rates of the NESMD, potentially 
by pairing it with other technologies, including traditional MD and Joule-heating driven 
MD. 
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MATERIALS AND METHODS 
Silver modified spacer. Samples were functionalized with silver via a modified process 
derived from Tang et al. Spacers were contacted with 60ml solution of nanopure water, 
0.1% wt. polydopamine (pDA), and 15 mM Tris buffer solution at a pH of 8.5 for 24h in 
an empty pipette container attached to a vortex (Fisher Scientific) set to speed 1. After 24h 
the spacers were gently dipped and shaken in a 500ml beaker filled with nanopure water 
(Thermo Scientific) for 30s. The spacers were then placed in an empty pipette container, 
to which 60 ml of a 50 mM solution of bath sonicated (Branson) AgNO3 (Sigma Aldrich) 
was added. The container was attached back onto the vortex and allowed to shake for 24h. 
After 24h, the spacer was removed from the container, gently dipped and shaken in a 500ml 
beaker filled with nanopure water for 30s, then allowed to dry overnight. 
Graphene oxide modified spacer. GO was generated by the Tung method. Samples were 
functionalized with GO via a modified process derived from Castrillón et al. (Castrillon et 
al., 2015). Spacers were contacted with a 60ml solution of nanopure water, 0.2% wt. 
polydopamine (pDA), and 10 mM Tris buffer at a pH of 8.5 for 1h in an empty pipette 
container attached to a vortex set to speed 1. After 1h the spacers were gently dipped and 
shaken in a 500ml beaker filled with nanopure water for 30s. The spacers were then placed 
in an empty pipette container, to which a 60ml 0.05% wt. solution of bath sonicated GO 
(~4h) was added. The container was attached back onto the vortex and allowed to shake 
(speed 1) for 24h. After 24h, the spacer was removed from the container, gently dipped 
and shaken in a 500ml beaker filled with nanopure water for 30s, then allowed to dry 
overnight. 
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Silica modified spacer. Colloidal silica was converted to nano in a process described by 
Fang et al (Fang et al., 2010). Colloidal silica (Ludox HS-40) was sonicated for 30min and 
diluted down with nanopure water to 10% wt. A 50% wt. solution of N-
trimethoxysilylpropyl-N,N,N-trimethylammonium chloride was added to the silica 
solution at a concentration of 5.33% wt. Using NaOH, the solution’s pH was raised 
adjusted to 5, and allowed to simmer on a hot plate 60C for 24h with continuous stirring. 
The solution was then placed in 3.5k MWCO dialysis tubing (Fisher Brand) and dialyzed 
in nanopure water for 48h. Samples were functionalized with silica nanoparticles in a 
modified process from Fang et al. Spacers were oxidized for 1.5h in a UV/O3 chamber 
(Bioforce Nanosciences; Salt Lake City, UT), then flipped over and oxidized for another 
1.5h. The oxidized spacers were then placed in an empty pipette container, to which 60ml 
of the nano SiO2 solution was also added. The container was placed on the vortex, set to 
speed 1, and allowed to shake for 18h. The spacer was then removed from the container, 
gently dipped and shaken in a 500ml beaker filled with nanopure water for 30s and allowed 
to dry overnight. 
Titanium dioxide modified spacer. Samples were functionalized with TMPSi-TiO2 via a 
modified process derived from Ramanathan et al. and Contreras et al.  First, the solvent 
was created by making a 200ml 95/5 v/v solution of composed of xylene and 
trimethoxypropyl silane (TMPSi), respectively. Then nano TMPSi-TiO2 was added to the 
solution at a concentration of 1.5% wt. The solution was then bath sonicated for 3h. After 
sonication, the solution was added to a 500ml beaker and heated on a hot plate to 120C. 
Using tweezers, the spacers were dipped into the solution and held for 3s. Upon removal, 
the spacers were placed on a glass plate. A second glass plate was placed on top to prevent 
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permanent deformation of the spacer. The spacers were then allowed to dry overnight. In 
this procedure, the degree of TMPSi-TiO2 functionalization can be fine-tuned by adjusting 
the amount of time the sample is immersed in the solution. We found a 3s immersion was 
the maximum immersion time for the spacers used, as longer sequences led to major 
deformations of the spacers. For time periods longer than ~10s, the spacers dissolved 
entirely. 
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Table A1: Composition of synthetic wastewater media used for CFU counts, confocal 
microscopy, and RO experiments. 
 
Salt Concentration (mM) Concentration (mg/L) 
NaCl 8 468 
MgSO4*7H2O 0.15 37 
NaHCO3 0.5 42 
CaCl2*2H2O 0.2 29 
KH2PO4 0.2 35 
NH4Cl 0.4 21 
Na3C6H5O7*2H2O 0.6 176 
Total 10.05 (ionic strength 15.9) 808 
Glucose .55 100 
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Figure A1: FTIR spectra of control and functionalized spacers. KBr beam splitter, 
DLATGS detector, and Diamond-ATR sample module were used during collection of the 
FTIR spectra. 
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Figure A2: Raman spectra of control and GO-functionalized spacers. The characteristic 
D (defects) and G (sp2 carbon stretching) bands associated with GO are labeled. 
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Figure A3: Bench-scale RO used for RO biofouling flux decline experiments. 
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Figure A4. Image of experimental set up. A) Optical coherence tomography (OCT) 
system. B) Potentiostat/galvanostat. C) Reactor where biofilm is grown. D) Platinum 
counter electrode. E) Electrically conductive membrane. 
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Figure A5. 3D images of A) pristine CNT-PVDF membrane and B) biofouled CNT-
PVDF membrane. 
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Table A2. Removal kinetics for various cathodic and anodic conditions. 
 
Condition k (s-1) 
50 mA/cm2 cathodic 1.333 
25 mA/cm2 cathodic 1.277 
12.5 mA/cm2 cathodic 0.2858 
6 mA/cm2 cathodic 0.0475 
50 mA/cm2 anodic 0.0101 
25 mA/cm2 anodic 0.0153 
12.5 mA/cm2 anodic 0.0145 
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MATERIALS AND METHODS 
Materials: All chemicals were obtained from Sigma Aldrich (Saint Louis, MO), except as 
noted below. CB NPs were provided by Cabot (Boston, MA). N-methyl-4(4′-
formylstyryl)pyridinium methosulfate acetal (PVA- SbQ) was obtained from Polysciences 
(Warrington, PA). Magnesium sulfate heptahydrate (98+%) and glycerol (99+%) were 
supplied by Acros Organics (Geel, Belgium). Calcium chloride dihydrate (99.5+%) was 
provided by G-Biosciences (Saint Louis, MO). Sodium bicarbonate (99+%) was supplied 
by Fisher Scientific (Hampton, NH). Feed spacers (19 mils, polypropylene) were kindly 
donated by Conwed Plastics LLC (Minneapolis, MN). 
Membrane characterization: Contact angles were measured with an Attension Theta 
(Biolin Scientifin, Gothenburg, Sweden) using a 1001 TPLT Hamilton syringe (Reno, 
NV). Contact angle data was used to determine hydrophilicity and surface free energy 
(SFE) of each material. Nanopure water was used for water contact angles (WCA), while 
the solvents used to solve for the SFE were nanopure water, diiodomethane, and glycerol. 
For both WCA and SFE at least 5 different measurements were taken. SFE was calculated 
in accordance to the OWRK/Fowkes equation (Owens and Wendt, 1969). Surface zeta 
potential was evaluated by streaming potential measurements with a ZetaCAD analyzer 
with a flat surface cell (CAD Instruments, Les Essarts-le-Roi, France). An electrolyte 
solution composed of 5 mM KCl and 0.1 mM HCO3 was used for the measurements. 
Measurements were done for a pH range of 3-10 to identify the point of zero charge of 
each material. Surface roughness was analyzed by atomic force microscopy (AFM) with a 
Bruker MultiMode 8 AFM (Bruker, Billerica, MA). The topographical images were taken 
in peak force tapping mode with NCHV cantilevers with a spring constant of 42 N/m 
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(Bruker, Camarillo, CA). Image analysis was done using the Nanoscope Analysis version 
1.7 software. 
MD and NESMD experimental set up: Cole Palmer gear pumps (Vernon Hills, IL) were 
used to deliver water, and a Precision Scientific hot water bath (Chicago, IL) was used to 
heat the feed water through glass coils. A Thermo Scientific Orion Versa Star Pro 
electrochemistry meter measured the conductivity of the permeate and a Sartorius Cubis 
scale (Goettingen, Germany) measured water flux. 
Data analysis and statistics: Means and standard deviations were estimated for each 
treatment. Comparison between treatments was done with a Student’s t-test, with p-values 
less than 0.05 considered to be significant. 
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Figure A6: Experimental set up of NESMD system.  
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Figure A7: Conductivity decline of permeate as increasing volumes of freshwater are  
produced from the feed. 
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Table A3: Model brackish groundwater based on the aquifers of the Southwestern United 
States. The pH was adjusted to 7.5 at the start of the trial. 
 
Constituent Concentration (mg/L) Concentration (mM) 
Bicarbonate (HCO3-) 930 15.2 
Calcium (Ca2+) 1,070 26.7 
Chloride (Cl-) 3,299 93.1 
Magnesium (Mg2+) 260 10.7 
Sodium (Na+) 1,450 63.1 
Sulfate (SO4-) 1,420 14.8 
Total Dissolved Solids 8,429 - 
Ionic Strength - 223.6 
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Table A4: Equilibrium modeling values of salt precipitation for NESMD and MD  
systems at various concentration factors. 
 
Salt and Concentration 
Factor (c0) 
mM of Precipitation 
(NESMD (T=0C)) 
mM of Precipitation (MD 
(T=40C)) 
Calcite 1 4.39 5.50 
Gypsum 1 0 0 
Dolomite 1 0 0 
Calcite 1.5 7.57 8.99 
Gypsum 1.5 2.58 1.55 
Dolomite 1.5 0 0 
Calcite 2 10.9 13.0 
Gypsum 2 9.24 7.83 
Dolomite 2 0 0 
Calcite 3 17.9 18.9 
Gypsum 3 23.2 21.9 
Dolomite 3 0 0.56 
Calcite 4 17.1 18.7 
Gypsum 4 39.2 37.6 
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Dolomite 4 4.24 5.31 
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